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 The main objectives of this study were to enhance the mechanical performance of 
gel-spun poly(vinyl alcohol), PVA, fibers by using process steps that would 1) increase 
the cumulative draw ratio (DR) of carbon nanotube (CNT) embedded fibers and 2) enable 
CNTs to nucleate phases of ordered PVA.  Because the gel-spinning process has the 
potential to yield fibers of high strength and high modulus, this technique was employed 
to construct continuous filaments of PVA/CNT.  A gel aging technique was employed 
with the goal of increasing the DR for composite fibers and for promoting the 
development of crystalline PVA, having higher temperatures of melting.  Changes within 
the crystalline and amorphous phases of PVA fibers were characterized as a function of 
CNT incorporation, the weight average degree of polymerization (DPw) for PVA 
polymers, fiber DR, and aging conditions for the pre-cursor gel fiber.  Since residual 
solvent can lower the mechanical properties of drawn fibers, solvent phases of water and 
dimethyl sulfoxide (DMSO) within the drawn fibers were also characterized.  PVA was 
loaded with CNTs at ≤1 weight percent (wt.%) of polymer.  Low weight fractions of 
CNTs were used to aid their dispersion, exfoliation, and adhesion with matrix polymer 
and to minimize the raw material costs from using expensive CNTs.   
 Chapter 1 is a review of fiber microstructures and processing steps that could 
promote properties of high strength and high modulus within polymers and their 
composites.  Such properties are promoted by the drawing of highly ordered and aligned 
polymer microstructures.  The drawing of fibers to high values of DR could be achieved 
by reducing the number of molecular chain entanglements and by reducing the hydrogen 
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bonding between PVA chains.  By loading nanofillers (such as CNTs) into the polymer, 
the mechanical strength, thermal resistance, and chemical resistance of the composite 
would surpass the properties of neat films/fibers.  The stretching of composite fibers to 
high values of DR is also important to achieve high mechanical properties among 
composite fibers.  For CNTs to structurally reinforce polymers, they must be well-
dispersed throughout the matrix polymer and have good interfacial adhesion with the 
polymer.  The development of an ordered polymer interphase along CNTs will help to 
strengthen the overall performance of the composite.   
Chapter 2 describes the influence of CNTs on the structure/property relationships 
of PVA fibers and the microphases that exist within gel-spun fibers.  Composite fibers 
consisted of 1 wt.% single-walled carbon nanotubes (SWNTs) and PVA having a DPw of 
18,000.  Both neat and filled fibers were prepared with four consecutive stages of 
elevated-temperature drawing; such that the drawing sequences/temperatures in Celsius 
degrees were called S1/100, S2/160, S3/200, and S4/290.  Neat and CNT loaded fibers 
were stretched to similar values of DR; however, the incorporation of SWNTs did not 
improve the mechanical strength of PVA.  But, SWNTs did help to reduce the 
susceptibility of drawn fibers to thermal shrinkage.  PVA fibers had consisted of 
crystalline and amorphous polymer.  An additional interphase of ordered polymer and 
solvent was believed to exist along the SWNTs of composite fibers, based on 
spectroscopic evidence.  As embedded SWNTs were uniaxially aligned along the drawn 
fibers’ axes; they were found to induce preferential alignment among the side groups of 
PVA chains and residual solvent.  The alignment of PVA side groups in parallel with 
SWNTs was attributed to charge transfer between the SWNT interface and PVA 
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hydroxyl and/or residual acetate carbonyl groups.  Based on infrared analysis, nearly 40% 
of the imbibed water had constituted the solvent interphase along SWNTs.  The 
thermogravimetric analysis of PVA/SWNT fibers had given additional evidence of a 
water interphase along SWNTs; as such the water within composite fibers had evaporated 
at a higher temperature and slower rate than water within unfilled PVA fibers.  Therefore, 
the complete removal of solvent from gel-spun PVA/SWNT is expected to improve the 
adhesive interphase between polymer and filler, while enhancing the overall mechanical 
strength of gel-spun composites. 
 Dispersions of PVA mixed with ~0.25 wt.% CNTs were prepared for the 
investigation of the gel aging technique.  CNT-polymer dispersions were prepared from a 
sonicated solution of CNT/PVA/DMSO and an unsonicated solution of 
PVA/DMSO/water.  Chapter 3 describes the cryogenic (cryo-) transformation of PVA 
solutions and CNT-polymer dispersions that were later gel-spun.  Chapter 4 discusses the 
structure/property relationships for fibers prepared by the gel aging technique, which was 
used in conjunction with the process of stage drawing.  
 In Chapter 3, the mechanisms and kinetics of cryo-gelation and solvent freezing 
within PVA/CNT dispersions are discussed.  Samples were annealed at 30, 55, and 70 °C 
prior to rheological measurments at room temperature (RT) and being cooled to subzero 
temperatures within the instrument for differential scanning calorimetry (DSC).  
G′(ω)/G″(ω) ≈ 1.5 for each sample; therefore, the bulk heterogeneity of CNT dispersions 
at RT had been primarily influenced by the matrix polymer in solution.  PVA/CNT 
dispersions had values of complex viscosity that were lower than those reported for their 
corresponding homopolymer solutions (which had a DPw of either 10,000 or 4,000).  The 
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DPw of PVA was reduced by sonication, as implied by study of capillary elution time 
versus sonication time for PVA/DMSO solutions at 0.5 g/dL.  Therefore, the blending of 
sonicated polymer with unsonicated polymer had reduced the DPw and complex viscosity 
of polymers constituting the CNT dispersions.   
 The kinetic mechanisms of subzero transformations were interpreted from the 
isoconversional analysis of non-isothermal, DSC data.  Few-walled carbon nanotubes 
(FWNTs) had nucleated gel crystallization within dispersions of PVA (having a DPw of 
3,700); SWNTs had nucleated solvent freezing within dispersions of PVA (having a DPw 
of 8,900).  The nucleation-and-growth kinetics of most samples had fitted the Avrami 
model; these transformations were believed to proceed by parallel or serial pathways.  
 Chapter 4 investigates the use of the gel aging technique to increase the 
mechanical strength of gel-spun ~99.75:0.25 PVA/CNT fibers.  The goals for applying 
this technique were to draw PVA/CNT fibers to higher DR with gel aging and to induce 
the molecular ordering of PVA along CNTs with drawing.  Structure/property 
relationships were characterized in terms of DPw, CNT incorporation, and aging 
conditions.  As-spun gels were aged in solvent systems of 10 °C methanol (MeOH) or 
MeOH/water for several months.  Afterwards, fibers were drawn in four stages: S1/100, 
S2/160, S3/200, and S4/220; some gels that were aged in MeOH/water were also drawn 
cold, coagulated in MeOH for 24 hrs, and then drawn in four stages.  Neat PVA fibers, 
which had the highest values of mechanical strength, came from gels that were aged in 
MeOH for 1 day and MeOH/water for 18 months (this polymer had a DPw of 10,000).  
The maximum reported values of tensile strength (TS) and tensile modulus (TM) were 
1.01 ± 0.07 GPa and 36 ± 4 GPa, respectively, from PVA fiber having a diameter of 31 
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µm and circularity index (CI) of 0.9- with 1 representing a perfect circle.  The 
MeOH/water aging of PVA/CNT gels for ≥215 days had resulted in drawn fibers that had 
TS values that were greater than 1 GPa and TM values that were greater than 20 GPa.  
Their fiber diameters ranged from 23-29 µm, and the CI values of their cross sections 
ranged from 0.8-0.9.  After a treatment of high temperature annealing at 220 °C, the TM 
of PVA/FWNT fiber had increased from 24 to 33 GPa; nevertheless, the TS decreased 
from 1.33 to 1.06 GPa.  The incorporation of FWNTs was believed to inhibit the 
excessive relaxation of polymer chains upon high temperature drawing, which would 
have greatly decreased the tensile strength of the fibers.    
Gel aging was shown to increase the DR of drawn PVA/FWNT fibers from 5 to 8 
X; as a result, an additional peak for high temperature melting was observed among the 
more highly drawn fibers.  The development of the higher temperature melting peak was 
attributed to the draw induced ordering of PVA along FWNTs.  The scanning electron 
micrograph of a fractured PVA/FWNT fiber had shown FWNTs coated with PVA; the 
thickness of those coated FWNTs was 22 ± 5 nm.  
The glass transition temperatures, Tg, of fibers drawn from aged gels were 
significantly lower than the Tg of dried PVA.  The presence of water within the 
amorphous phase had reduced the Tg and limited the modulus values of drawn fibers.  
DSC transitions that were indicative of water evaporation had shifted to higher 
temperatures and were less intense for drawn PVA/CNT fibers that had TS values of 1.0-
1.3 GPa.  The aging of gels had resulted in the enthalplic relaxation of polymer 
constituting drawn fibers; this transition was shown to increase to slightly higher 
temperatures with the gel aging time of some samples.  
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 The storage modulus of aged gel was a function of solvent diffusion, which 
changed with aging time.  DMSO was found to more readily diffuse from the network of 
aged gel than water.  Solvent diffusion from gels had increased the storage modulus, but 
the counter-diffusion of DMSO/water into gels had lowered the storage modulus, as 
predicted by mechanical models of gels.  The responses of E′(f) for PVA gels were 
shown to be more reproducible within CNT composite; therefore, CNTs must have 
stabilized the gel network and nucleated the ordering of PVA chains.   
The PVA chains within as-spun gels were believed to organize within sheet 
geometries, because only two axes of molecular ordering could be determined from the 
wide angle X-ray diffraction (WAXD) analysis.  Further, the PVA chains within these 
sheets were believed to be intercalated by water molecules, which would explain the 
shorter d-spacing along the a-axis of as-spun gels (0.63-0.66 nm) than for the aged gels 
(~0.76 nm).  The solvent phase within as-spun gel was manifest as a peak at 2θ=21.7°.  
The (101)/(101) planes pertained to hydrogen bonding between atactic PVA chains.  In 
this study, their values of d-spacing (~0.45 nm) had indicated the presence of water 
between the ordered chains of gel and drawn fibers.  Based on the WAXD analysis of 
PVA gels and drawn fibers, as-spun gel exhibited PVA ordering according to the 
Sakurada unit cell model; whereas aged gels and drawn fibers prescribed to the Bunn 









1.1 High Performance Fibers 
1.1.1 Properties of High Performance Fibers 
Terms like ‘textile’ or ‘commodity’, ‘industrial’, and ‘high performance’ describe 
categories for natural and synthetic fibers.  Applications for commodity fibers include 
clothing and fashion; cotton and polyester fibers are in the highest demand for this group 
of fibers.  Industrial fibers are used in the automotive industry, home furnishings, as 
geotextiles, and in packaging and filtration.  The physical properties and price of fibers 
will dictate their use within industrial applications.[1]  Within Table 1.1, fibers were 
categorized in terms of their mechanical properties and applications.[1-2] 
 ‘High performance’ describes fibers that have extraordinary properties, which 
would make them ideal materials for the aerospace industry, military, and electronics 
industry.[1-2]  Specialty fibers will typically have some combination of high strength, 
stiffness, heat resistance, chemical inertness, thermal conductivity, and electrical 
conductivity, and they offer weight reductions, especially when they are used to replace 
inorganic materials.  The commercial price of high performance fibers exceed that of 
industrial fibers, in that they are priced at ≥$20/kg.[1] 
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Table 1.1. Mechanical Properties of Fiber Classes. 
 
 Tensile Strength Tensile Modulus 
Textile Fibers 
Up to 7 g/den     
< 1 GPa 
10-30 g/den          
< 10 GPa 
Industrial Fibers 
7 to 10 g/den       
> 1 GPa 
30-100 g/den        
> 10 GPa 
High Performance  Fibers 
20-50 g/den               
3-6 GPa 
200-2500 g/den                         
50-600 GPa 
Data in Table 1.1.[1-3]  
 
The mechanical properties of polymeric fibers are greatly influenced by their 
microstructure.  High performance fibers will consist of well-ordered and highly aligned 
polymer chains.[1-3]  The poor alignment of polymer chains, defect structures, and the 
loose packaging of molecular chains have been known to adversely affect the mechanical 
properties of fibers.[2]  Fibers are drawn from polymer melts or solutions having a 
critical concentration of polymer chain entanglements; however, an excessive number of 
chain entanglements will impede the drawing of a highly ordered microstructure.  
Therefore, the molecular disentanglement of polymer chains is important for the drawing 
of highly aligned microstructures that are also densely packed.  The formation of 
microvoids within the fiber microstructure can be avoided as long as fibers have not been 
over-drawn.  By limiting the introduction of foreign particles and dangling chain ends 
within the fiber, the packing density and structural integrity of fibers can also be 
improved.[1-2, 4] 
The semi-crystalline microstructure of textile and industrial fibers has typically 
consisted of folded-chain crystals (FCC) that are randomly dispersed within a matrix of 
amorphous polymer.  The mechanical properties of these fibers are influenced by percent 
crystallinity, crystal size and form, and the orientation of crystalline regions.  The 
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formation of extended chain crystals (ECC) has been essential to the development of high 
performance fibers from synthetic polymers.[1] 
The microstructures of main chain, liquid crystalline polymers have been 
archetypes for high performance fibers.  For example, Kevlar® polymer consists of rigid 
rod para-aramids, which can hydrogen bond with parallel chains.  Kevlar® fiber is also 
highly crystalline, and the polymer chains are highly oriented along the fiber axis.  The 
processing of Kevlar® fibers was made possible with the development of dry-jet wet 
spinning.  The nematic ordering of backbone mesogens will begin in the air gap 
component of this process.  The lyotropic phase of crystalline polymer is aligned within 
12-15° of the fiber axis upon removing the fiber from the coagulation bath.  The process 
of drawing will further aid the aligning of rigid rod polymers along the fiber axis.  The 
alignment of crystalline polymer is further accompanied by the enlargement of polymer 
crystals and the development of a more uniform fiber structure.[1]  The tensile strength 
(TS) and tensile modulus (TM) values of Kevlar® (29 and 49 yarns by Dupont) are 3 GPa 
and 70-112 GPa, respectively.[5] 
1.1.2. Gel Fiber Spinning Technique 
Aliphatic polymers are attractive raw materials for preparing high performance 
fibers.  In comparison to poly(aramids), aliphatic polymers have greater availability, 
lower prices, and they are less dense.[1]  The method of gel-spinning has been used to 
manufacture strong fibers from vinyl polymers, such as polyethylene (PE), 
poly(acrylonitrile) (PAN), and poly(vinyl alcohol) (PVA).  Gel-spun fibers can be more 
highly drawn than melt and solution spun fibers, thus rendering a stronger fiber.[1-2]   
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1.1.2.1. Role of Chain Entanglements 
The molecular weight and concentration of polymer will influence the density of 
polymer chain entanglements (ve).  Molecular entanglements will occur at the junction of 
overlapping chains, such that physical hooks are formed within a three-dimensional 
space.  The value of ve within molten polymer or polymer solutions will influence the 
ability to extrude and draw fiber; therefore, ve must be sufficiently higher than the critical 
overlap concentration to continuously extrude polymer from solution.  Below the critical 
overlap concentration of a polymer in solution, individual chains will not physically 
interact with one another.[6-7]   
The nucleation-and-growth of FCC and ECC phases within polymer has been 
influenced by the mechanism of chain disentanglement at elevated temperatures.  
According to Hikosaka et al., polymer crystals will form from segments of disentangled 
chains.[8]  As polymer crystals grow, chain entanglements are thereby excluded and 
confined to regions outside of crystalline domains.  ECC phases were believed to grow 
directly from amorphous polymer.  The growth of three dimensional crystals from 
regions of highly aligned/extended chains is therefore characterized by the process of 
sliding chain diffusion and the disentanglement of polymer.  Polymers yielding phases of 
FCC are less mobile than polymers that yield phases of ECC.   
The following parameters will influence the molecular mobility of polymer chains 
and thus the number of chain entanglements: temperature, annealing time, 
internal/external stresses, and the method of polymer processing.[9]  For instance, 
changes to the conformation of polymer chains can occur at temperatures above the glass 
transition temperature (Tg) of that polymer.  Above the Tg, covalently bonded segments of 
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the carbon-carbon (C-C) backbone can rotate.  As segments of the polymer chain change 
their direction, molecular kinks will result in the formation of molecular chain 
entanglements.[9]  Above melting temperature (Tm), the density of chain entanglements 
increases with annealing time and polymer chains will adopt random coil conformations.  
As the crystallinity of polymer is reduced and the relaxation of polymer chains occur at 
temperatures above the Tm, the melt memory of semi-crystalline polymer will have a 
lesser affect on polymer processing steps.[8]     
In conjunction with temperature, internal and external stresses can reduce the 
number of chain entanglements.  As polymer chains are relaxed from internal stresses, 
the molecular disentanglement of chains can also occur and enable the formation of 
crystalline polymer.[8]  Rees and Bassett applied an external stress to PE to promote the 
crystallization of the ECC phase.[10]  The ECC phase was believed to persist from the 
FCC phase under conditions of high pressure and at temperatures near the melting 
temperature.  PE maintained at 227 °C and external pressures of >4 kbar exhibited an 
ECC phase upon cooling.  PE melts that were exposed to external pressures of 2-4 kbar 
had shown elements of FCC and ECC phases upon cooling.   
Polymer processes, such as mechanical shearing and stretching, involve the 
application of external stresses which in turn causes the molecular disentanglement of 
polymer chains.[8-9]  Processes of high temperature drawing, as used in fiber spinning, 
will enable chain disentanglement and further the growth and alignment of crystalline 
domains.[8]  
  According to Qian et al., the preparation of polymer solutions can influence the 
concentration of chain entanglements, as indicated by changes in polymer viscosity.[8]  
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Two solutions of PAN polymer at 5 g/dL were made by (1) dissolving the appropriate 
mass of PAN in dimethylformamide (DMF) solvent and (2) removing excess DMF from 
a 2 wt.% solution.  The solution prepared by method (1) had twice the viscosity of the 
solution prepared by vacuum distillation at 50 °C.  Therefore, solution (2) was believed 
to have fewer chain entanglements than solution (1).[9]    
Melt and solution spinning techniques will influence the value of ve differently.  
Molten polymer is known to have the highest concentration of entangled chains versus 
polymer in solution; whereas the process of dissolving polymer in a good solvent will 
decrease the number of molecular entanglements in comparison to a poor solvent.  
Therefore, polymer processed from polymer solutions will have lower values of ve than 
molten polymer.[6]   
1.1.2.2. Polymer Gelation 
The nucleation-and-growth of polymer gels is especially important to the 
development of high performance fibers produced by the gel-spinning technique.[9, 11-
12]  Vinyl polymers such as polypropylene (PP), poly(methyl methacrylate) (PMMA), 
PAN, and PVA have been investigated as candidates for gel-spun high performance 
fibers.  Gel-spinning promotes the development of fiber properties that cannot be 
achieved with melt spinning.[2]  Gel-spun fibers are prepared from lower concentrations 
of polymer than those prepared from traditional methods of melt or wet spinning; 
therefore, the value of ve is much lower for gel-spun fiber.  As a result, the molecular 
chains of gel-spun fibers have the potential to be drawn to higher values of draw ratio 
(DR) than the melt-spun polymers.  
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 A physical gel is comprised of flexible chains that are adjoined by clusters of 
associating chains.  These associations may occur through non-covalent, intermolecular 
attractions, physical aggregation, or molecular ordering.  The transformation of a polymer 
solution into a physical gel is often stimulated by changes in temperature.[13-15]  These 
temperature induced transformations have often proceeded from phase separation 
phenomenon; such as, spinodal decomposition into polymer-rich and solvent rich 
phases,[16-17] the bi-continuous formation of frozen solvent and concentrated polymer 
phases,[18] gelation-induced separation of polymer from phases of continuous 
solvent,[19] and the spinodal decomposition of blended polymers prior to gelation.[20]  
The development of thermally-induced gel structures is often time dependent.  Also, 
thermoreversible gels have been shown to revert back into polymer solutions at 
temperatures above their gel melting temperature.[16, 21]   
Studies by Berghams et al. reported supercooling effects for thermoreversible s-
PMMA gels, where cryogenic (cryo-) gelation had occurred below the temperature of gel 
melting.[16, 21]  The rheological characteristic of isothermal gelation was the gradual 
increase in the storage modulus.[16]  Gels prepared from isotactic (i-)PS and syndiotactic 
(s-)PMMA evolved from a 2-step mechanism of 1) random coil to trans-trans 
conformation of molecular chain segments and 2) the aggregation of ordered 
sequences.[22]  
Solution properties- such as the polymer’s degree of polymerization (DP),[16, 23] 
polymer concentration, and solvent composition-[16, 19, 24] will influence gel 
development and crosslink density.  For instance, the thermally-induced conversion of 
polymer solution to gel depends on the critical overlap concentration of the polymer 
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solution.[6, 23]  As the concentration of polymer exceeds the overlap concentration, the 
gel network becomes highly crosslinked.  At low polymer concentrations, a two-phase 
system of polymer solution and gel will exist.[6, 23]  Gel-phases that are initiated upon 
cooling from elevated temperatures[24] can occur by means of refrigeration[25] or 
immersion into a chilled coagulating solvent.[12]   
Several studies have reported on the influence of temperature and solvent system 
on the gel structure.[2, 16, 22, 24-25]  For instance, s-PMMA gels that were formed at 
temperatures of 25-130 °C were opaque, but transparent gels of s-PMMA were observed 
from solutions cooled below 20 °C.[16]  Berghmans et al. and Hoshino et al. had 
determined that the opacity of gels was influenced by the form of crystals within the gel 
phase.[16, 24]  In Hoshino et al., the ratio of DMSO/water was shown to affect the 
structure of PVA gel crystals as well.[24]  As solutions of 60-70% DMSO were chilled 
from 90 to 23 °C, opaque gels of fibrillar crystals had formed.  PVA solutions of <60% 
DMSO required relatively longer times to form opaque gels of fibrillar crystals at 23 °C.  
1.1.2.3. Models of Gel Structure 
Equation 1.1 is a mechanical model for a well-defined polymer network; such 
that, the microscopic arrangement of adjoined chains is consistent throughout the bulk 
structure.  The shear modulus (G) will depend on the density of the dry network (ρ2), 
temperature (T), gas constant (R), and the molecular weight between junctions.  Me stands 
for the chain lengths between physical entanglements and Mx represents the chain lengths 
between crosslinks.  As the DP (or molecular weight) of polymer increases, the number 
of entanglements will also increase.  Further, an increase in either the number of 
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 The shear modulus (G) of a fully developed, polymer network is measured by the 
use of dynamic mechanical analysis (DMA); wherein, the shear storage modulus, G′(ω), 
of the gel network is represented by the frequency independent storage modulus.[15, 26]  
This characteristic plateau modulus has occurred within the low frequency regime of an 
oscillating strain.[26]  The loss modulus (or viscous response, G″(ω)) lags behind the 
storage modulus by a phase shift of π/2.  The behavior of G″(ω) represents the 
mechanical response from dangling chain ends and unconfined polymer strands.  
 Equation 1.2 is an expanded version of Equation1.1, it accounts for the effects of 
solvent on the network modulus (G).  Parameters vx is the crosslink density, v2r is the 
volume fraction of the pre-swollen network, and v2 is the volume fraction of polymer.  
The value of Ab=1 would exist in the case of nodal branching that is greater than 2 





22rxb νvRTvAG = ;        (1.2) 
The molecular weight between junctions of the adjoined chains (Mx) would reflect 
interactions between flexible chains and solvent molecules in the gel.  The molecular 
weight between adjoined chains (Mx in Equation 1.3) has been accounted for in Equation 
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Since the modulus of a swollen gel is significantly influenced by the volume fraction of 
polymer within the as-prepared gel; term v2r was included as a memory parameter.  The 
value of v2r=1 exists for gels prepared from a dry network.[27-28]   
Structural changes within the gel microstructure (as it pertains to the number of 
junction points, polymer crystallinity, crystal size, and/or the pore size of swollen gels) 
would all influence the value of vx.  An increase in the size or number of physical 
junction points would then result in the development of a stiffer gel.   
The volume fraction of polymer (v2) in a gel is inversely related to the value of 
solvent swelling (Q) (Equation 1.3).  Parameters ρ2 and ρ1 represent the density of 
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Through the relationship between parameters v2 and Q; solvent swelling will adversely 
affect the plateau shear modulus (G) of a gel network (Equation 1.2).  Parameter Q is 





Q =         (1.5) 
1.1.2.4. Gel-spun UHMWPE Fibers 
The synthesis of PE polymer, having molecular weights of 106 g/mol, was 
essential to the spinning of high performance PE fibers.  Gel-spun fibers were fabricated 
from solutions of 1-2 wt. % UHMWPE in decalin.[2, 11]  The gel fiber formed as the 
polymer jet of >100 °C was spun through a bath of cold water.  The DR for UHMWPE 
gel fiber can be ≥30 X.[2, 11]  The highly drawn microstructures of gel-spun UHMWPE 
fiber consists of densely aligned ECC phases. 
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1.2. Gel-spinning PVA Fibers 
1.2.1. Structure of PVA 
 Like PE, PVA can exhibit trans-trans chain conformations, which are conducive 
to the formation of the ECC phase.  The atactic form of vinyl polymers (having this 
molecular formula, -CH2-CHX-n) typically do not crystallize; however, atactic (a-) PVA 
does crystallize.  Pendant hydroxyl groups do not disrupt the process of crystallization.[7, 
29]  As a result of hydrogen bonding, PVA has a higher Tm than PE and offers a higher 
operating temperature. 
The monoclinic arrangement of the a-PVA unit cell has the following lattice 
parameters along the a-axis, b-axis, and c-axis: 0.778, 0.549, and 0.254 nm, respectively; 
β< has a value of 91.7°, according to the Bunn model in Figure 1.1.a.[29-30]  The 
molecular axis for the monomer unit of PVA occurs along the b-axis.  Monomer units 
within the Bunn and Sakurada unit cell models of PVA are stacked differently; such that 
intermolecular hydrogen bonding influences the c-axis parameters of the Bunn model, in 
contrast to the a-axis parameters of the Sakurada model.  Furthermore, van der Waals 
bonding occurs along the a-axis of the Bunn model and the c-axis of the Sakurada model.          
 
 
Figure 1.1. Unit cell models of PVA by a) Bunn and b) Sakurada.[29-30]  
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The theoretical modulus of PVA is between 230-250 GPa, as determined from strain 
measurements of its crystalline lattice.[12, 31-32]  As previously discussed, the polymer 
microstructure has a significant influence on the ultimate performance properties of 
fibers; as such, the mechanical properties of manufactured PVA fibers are less than their 
theoretically determined projections of strength. 
Suzuki et al. have demonstrated how the alignment of crystalline and amorphous 
chain conformations will ultimately influence the mechanical strength of gel-spun PVA 
fibers.  Crystalline chain conformations were shown to more readily align along the axis 
of gel-spun PVA fibers than amorphous chain conformations.  Measurements of chain 
orientation by birefringence microscopy had revealed the orientation of crystalline PVA 
(fc) within fibers drawn by 15 and 25 X were similar (fc=0.96); whereas, the orientation of 
amorphous PVA (fa) within these drawn fibers was considerably different: fa=0.69 and 
fa=0.95 for DR values of 15 X and 25 X, respectively.[33]  
Hydrogen bonding between PVA chains can hinder the disentanglement of PVA and 
thus the growth of crystalline PVA at temperatures near Tm.  Endo et al. reported 
conditions for the melt crystallization of PVA (having a DP of 2,700); wherein, the 
thermal degradation of PVA chains was suppressed at temperatures near that of 
crystalline melting.  The crystallization of PVA was studied from films that were 
prepared from aqueous PVA solutions, degassed and heated under high pressure, and 
annealed at crystallization temperatures of 208-221 °C from the melt.[34]  Lamellar 
thickening within molten PVA was observed; nevertheless, the crystal sizes reported for 
PVA were considerably smaller than crystal sizes found within PE.  The authors 
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concluded that the thickening of crystalline PVA by the process of sliding chain diffusion 
was restricted by hydrogen bonding. 
Solvent has been shown to influence the amorphous and crystalline microphase of 
PVA.[29, 35]  For instance, solvent can form hydrogen bonds with PVA chains, and 
saturate amorphous polymer.  Sakurada has observed that solvent can influence the lattice 
parameters of ordered PVA, just as water can expand the (101) planes of water-
cellulose.[29]  The overall crystallinity of PVA increases during the process of gel 
drying.[36]  As solution cast films of semi-crystalline polymer undergo drying, film 
shrinkage and the crystallization of polymer can also occur.  Furthermore, solvent can 
freely reside within the PVA gel, in a state that is not bound to PVA by intermolecular 
forces.[37]  For instance, free water has been shown to reside in the porous walls of PVA 
hydrogels and amorphous polymer.  
1.2.2. Processing PVA 
 PVA, having a low degree of polymerization (DP), is polymerized from the 
solution of vinyl acetate in methanol (MeOH) (≤4000 DP).  High DP polymers of 
(10,000-18,000 repeat units) have been prepared by suspension/emulsion polymerization.  
Scheme 1 depicts the synthesis of a-PVA, which is derived from poly(vinyl acetate) 
(PVAc).[29]  The deacytalation of PVAc is performed in the presence of methanol 
(MeOH).  Sodium hydroxide (NaOH) catalyzes the methanolysis of the reaction, and the 





Scheme 1.1. Synthesis of PVA from PVAc. 
 
Industrial applications of PVA include its use in adhesives, textile sizing, and 
packaging to name a few.[38]  Staple PVA fibers (of 6-30 mm in length by 24-660 µm in 
diameter, φf) have been used to reinforce concrete.  Crack propagation within structural 
concrete is impeded by the dispersion of staple PVA fibers through the cement matrix.  
Further, hydroxyl groups along PVA promote molecular adhesion between wet cement 
and the embedded fibers.  Commercial manufactures of PVA staple fibers for concrete 
reinforcement include Kuraray and Nycon.[38-39]  The mechanical properties of these 
fibers range from 0.8-1.6 GPa in TS and 23-40 in TM.   
The wet spinning technique is commonly used to spin industrial fibers from solutions 
of 14-16 wt.% PVA, having DP values of ~2,000; whereby aqueous solutions of PVA 
have been coagulated into baths of aqueous salts or alkali solutions.[29]  The method of 
coagulating fiber in aqueous sodium hydroxide has yielded high tenacity fiber of 14-18 
g/den (where the highest value corresponds to a TS of 2 GPa).  The cross sections of these 
high tenacity fibers are fairly circular in comparison to those obtained by coagulation in 
aqueous salts.   
High performance PVA fibers have been gel-spun from polymers having a DP of 
≥5,000.[29]  Fibers having tenacity and modulus values of 20-22 g/den and 480-550 
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g/den have been reported.  Ideally, this process could be used to prepare fibers that are 
suitable for tire cords.  Organic solvents are typically used to process these fibers.  In 
contrast to the wet spinning process, fibers prepared by the gel spinning process are 
fabricated from lower concentrations of polymer, thus resulting in a lower degree of 
molecular entanglements.   
Researchers have applied variations to the gel-spinning process, in hopes of 
improving the mechanical integrity of drawn fibers.  Literature has reported the effects of 
polymer architecture, solvent(s) within the PVA solution, gelation temperature, and 
freeze-thawing on the structure/property relationships of films and fibers derived from 
gels.  A technique of sequential drawing has been used to improve the mechanical 
integrity of gel-spun PVA as well. 
The molecular architecture of PVA polymers can influence the structure, properties, 
and processing of gel-spun fibers.  The atactic form of PVA is the hydrolysis product of 
PVAc.[29]  Isotactic (i-) PVA has been synthesized from poly(t-butylvinyl ether), 
poly(benzyl vinylether), and poly(vinyl trimethylsilylether).[29, 40]  PVA polymers 
containing diad sequences that are indicative of syndiotactic polymer have been prepared 
from the hydrolysis of poly(vinyl pivalate), poly(vinyl trifluoroacetate), and poly(vinyl 
formate).  Research on the drawability of microfibrils, prepared from atactic and 
syndiotactic polymers (having a DP of 8,000), had shown that the content of racemic (r)-
diads influenced the optimum DR of those fibers.[41]  The maximum DR values of those 
microfibrils decreased from 13 to 5 X upon increasing the r-diad content from 56 to 65% 
r-diad.  Microfibrils of s-PVA polymer also exhibited higher values of fc than microfibrils 
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of a-PVA, which were stretched to similar values of DR.  The Tm of s-PVA microfibrils 
was higher than that of a-PVA microfibrils.  
DMSO and water mixtures have been used to influence the development of PVA gels 
and gel-spun fibers.  Solvent mixtures of water and >60 % DMSO were shown to yield 
high strength, high modulus fibers.[12, 33]  High performance fibers were prepared from 
6 wt.% PVA (having a DP of 5,000) that was dissolved in 80/20 volume ratio (v/v) 
DMSO/water.  PVA gel that was coagulated within MeOH at -20 °C had yielded 
transparent gel, which could undergo a tensile strain of 950%.[12]  Coagulation within 18 
°C MeOH yielded an opaque gel that extended to a lower tensile strain of 650%.  The TS 
and TM values of gel-spun fibers, where the gel was formed within -20 °C MeOH, were 
2.8 GPa and 64 GPa, respectively.   
High performance fibers have been prepared by the sequential drawing of dried or 
swollen gels at increasingly higher temperatures.  Heating elements and oil baths have 
been used to bring fibers to the desired temperature for drawing.[12, 33]  The high 
strength, high modulus fibers by Cha et al. were produced by two stages of drawing: at 
160 and 200 °C.[12]  The transition of crystalline relaxation enables the drawing of PVA 
chains, which would have been inhibited by hydrogen bonding.[35]  As fibers are drawn 
at sequentially higher temperatures, this transition temperature can increase.  Therefore, 
PVA fibers have been strengthened through the processing of drawing at temperatures 
near or above Tm and for brief periods of time.[42-43]  Gel-spun PVA fibers, from 
polymer having a DP of 18,000, were drawn at stage/drawing temperatures of S1/100, 
S2/160, S3/200, and S4/290.  The resulting TS and TM of these PVA fibers were 1.6 GPa 
and 47 GPa, respectively.[33]  The highest tensile modulus that has been reported for a 
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PVA fiber is 115 GPa, where the DP value of PVA was 11,800.[43]  The preparation of 
such fiber was described in Kunugi et al.; wherein, dried as-spun gel fibers (having a 
diameter of 184 µm) were drawn sequentially at stage/temperature (°C) S1/255, S2/210, 
S3/220, and finally heated from room temperature (RT) to 230 °C with an oscillating 
frequency of 110 Hz.[43]  Crystalline PVA had enlarged upon molecular chain relaxation 
and the stretching of molten polymer.  As discussed earlier, the relaxation of polymer 
chains is important for the removal of chain entanglements and for the growth of ECC 
phases.    
1.2.3. Aging PVA Gels  
The cyclical freezing and thawing of PVA hydrogels have been used to improve their 
mechanical strength.  The swelling ratio of the dried gels will decrease as the result of 
repeated freezing and thawing.  Upon freeze-thawing, the number of network junctions 
and polymer crystallinity will increase; also, unbound solvent diffuses from the gel 
microstructure as the polymer network becomes denser.[25, 36-37]   
As observed with the process of freeze-thawing, the aging of cryo-gel can lead to gel 
strengthening.  Cryo-gels were prepared from 10 wt.% solutions of PVA (having a DP of 
2,600) that were chilled to -34 °C for 1 day and subsequently aged at 30 °C.  The 
compression modulus of aged gels was shown to increase with aging time.  PVA gels that 
were prepared from solutions of 60/40 (v/v) DMSO/water had exhibited a modulus of 1 
GPa after 500 days of RT aging.[44]   
The gel aging technique was also included as a process step for preparing high 
strength, high modulus PVA tapes.  Tanigami et al. was able to achieve TS and TM 
values of 2.8 GPa and 72 GPa, respectively.  The cryo-gelation of PVA, dissolved in 
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80/20 (v/v) DMSO/water, occurred under refrigeration at -34 °C.  Afterwards, gels were 
heat pressed, submerged within aging solvents (of water or 50:50 (v/v) DMSO/water) for 
several months at 10°C, vacuum dried, and finally drawn at 200 °C.  Aging time and 
aging solvent had influenced the drawability of aged gels.  The DR of dried gels had 
increased from ~11 X to 23 X after gel aging in 10 °C water for 4 months.[32]   
Structural differences between aged gels were observed.  The original, cryogenically-
induced gel exhibited a single endothermic peak ranging from 40-90 °C.  The single 
endothermic peak of the original cryo-gel was also observed within the thermograms of 
aged gels, along with additional peaks.  The increased drawability of aged gels was then 
attributed to these structural changes.  The melting temperatures for highly drawn tapes 
had ranged from 220-260 °C, and several tapes had exhibited twin melting peaks.[32]  
Cha et al. had also reported the occurrence of double melting peaks for high strength 
PVA fibers.[12]  The intensity of the highest melting temperature peak/shoulder had 
become more pronounced with DR.[12, 32]      
1.3. Filler Reinforced PVA 
 Nano-micro size fillers have been used to improve the physical properties of 
polymers; such as their mechanical strength, thermal resistance, barrier properties against 
chemical agents, and electrical conductivity.  The overall performance properties of the 
composite are influenced by the polymer microstructure, filler morphology, and the 
molecular adhesion between polymer and filler.  Mechanisms for polymer reinforcement 




1.3.1. Polymer Reinforcement  
 The mechanical properties of polymeric materials can be enhanced through the 
addition of organic or inorganic fillers.  Nevertheless, filler incorporation can incur 
structural macro- and microscopic heterogeneities within the polymer.[45]   For instance, 
the physical properties of polymer along the filler’s surface can microscopically differ 
from the bulk polymer.  At the filler’s surface, the packing density, molecular 
conformation, and supramolecular arrangement of polymer chains can differ from that of 
the bulk polymer.  This region of microscopic heterogeneity is known as the polymer 
interphase.  Microscopic heterogeneities can also occur within polymer blends and in 
composites comprising two different filler geometries.  
 Filled polymers can be strengthened by the inherent strength of the filler and the 
polymer interphase.[45]  The dispersion and exfoliation of laminated fillers throughout 
the matrix polymer will promote interfacial adhesion between the polymer and filler.  The 
thickness of the interphase, or adhesion layer, alludes to the attraction between the matrix 
polymer and filler.  Poor adhesion between the matrix polymer and filler will decrease 
the modulus of the overall composite; whereas, good adhesion between polymer and 
filler will yield a composite that is stiffer than the neat polymer.  Just as the thickening of 
the polymer interphase can strengthen the overall composite, defects and impurities 
within the interphase can weaken the strength of the composite.[45]  The interphase 
thickness can result from the physical adsorption of solvated polymer onto filler or by the 
phase-separation polymer.  The term ‘perfect’ interphase suggests the interfacial layer of 
polymer along the filler does not debond from the filler under large shear stresses.[46]  
Modes of mechanical failure within the composite can result from the delamination of the 
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interphase from the filler, fractures at some distance from the interphase, or cracks 
between the interphase and bulk polymer.[45]   
 The surface of fillers will confine the molecular mobility of polymer chains and 
restrict the number of conformations by which polymer chains can arrange themselves.  
The change in conformational entropy will decrease at the surface of the filler.[45]  As a 
result of the interphase, the Tg of amorphous polymer will increase.  Further, the shear 
modulus and the molecular relaxation time for polymer are greatest at the interphase.   
1.3.2. Nucleation-and-Growth of Filled Polymer 
Because fillers are capable of influencing the local density of polymer, they can 
also nucleate the molecular ordering of polymer chains.[45]  In response to filler loading, 
the isothermal crystallization of supercooled polymer may occur at even lower 
temperatures.  Conformational changes to the structure of polymer chains are either 
incited or hindered by mechanisms of molecular attraction between the polymer and 
filler.  Moderate affinity between fillers and polymer chains can incur the heterogeneous 
nucleation of crystalline polymer from the surface of fillers.  Morphologies of 
transcrystalline polymer have resulted from the epitaxal growth of crystalline polymer 
along the long axis of the filler.  Also, the physical adsorption of polymer to the filler 
surface can induce the assembly of micro-ordered domains that could in turn nucleate 
polymer crystallization.  Non-interacting fillers are not expected to exert any influence on 
the crystallization of polymer.  
 The loading of polymer with filler can be optimized to achieve the highest rates of 
polymer nucleation for crystal growth.[45]  Typically, the highest rates of nucleation are 
associated with low weight fractions of filler.  High loadings of filler within polymer can 
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inhibit polymer crystallization; this is due to the decreased mobility of polymer chains for 
crystallization.  Further, the crystallization of polymer chains can be impeded by the 
presence of the polymer interphase.[45]       
1.3.3. Filler Reinforced PVA Composites 
In this section, the structure/property relationships for several filled systems of 
PVA are discussed.  The dimensions of fillers were on the order of microns and 
nanometers.      
In the work by Lozinsky et al., the dimensions of spherical fillers had influenced 
the mechanical, thermal, and structural reinforcement of PVA hydrogels.  Hydrogels of 
aqueous PVA (having a viscosity average degree of polymerization, DPv, of 1,900) were 
filled with different size distributions of crosslinked dextran, gels beads.  Overall, cryo-
gels of the smaller bead sizes had exhibited higher temperatures of gel melting and values 
of shear modulus at similar weight fractions of filler.  Micrographs of dried PVA/dextran 
gels had shown surface coatings of PVA around the beads of 30-100 µm; however, the 
composite of slightly larger beads (50-150 µm) did not have surface layers of polymer 
along its beads.  Therefore, the PVA gels of the smallest beads were structurally 
reinforced by an interphase of polymer at the surface of the embedded beads.  At 20 wt.% 
dextran gel, PVA gels that were loaded with beads of 30-100 µm in diameter were twice 
as stiff and melted at 6 K higher temperature than composites containing beads of 50-150 
µm in diameter. 
PVA has been reinforced with silica to prepare stiff, optically clear composites.  
The thermal and mechanical properties of PVA/silica composites, in the study by Nakane 
et al., were described in relation to the morphology of embedded silica.[47]  Composite 
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films of PVA/silica were prepared from blended solutions of aqueous PVA (having a DP 
of 1,700) and tetraethoxysilane catalyzed with hydrochloric acid.  The reduced solubility 
and swelling behavior of composites films in 20 ºC water was suggestive of good 
adhesion between the PVA and silica.  At loadings of less than 30 wt.%, the morphology 
of silica was proposed to exist as dispersed particles, but an interconnected network of 
silica was believed to form at even higher loadings of silica.  Although the RT storage 
modulus of PVA/silica composites had increased with higher loadings of silica, it became 
apparent that the stiffness of composites having >30 wt.% silica were less influenced by 
the presence of polymer.  The tensile stress-strain curves of PVA/silica composites did 
not exhibit a yield stress indicative of plastic deformation as the composites of up to 30 
wt.% silica.  As a result, the Tg and crystallization of the polymer was significantly 
inhibited within composites of >30% silica.   
 Imogolite filler (i.e. tubes of alumina-silicate having diameters of 2.5 nm) has 
been used to mechanically reinforce drawn films of ultra-high molecular weight, s-PVA 
(having a DP of 12,300).[48]  The TS of drawn PVA/imogolite films (at 9 wt.% 
imogolite) exceeded the strength of homopolymer PVA films (1.8 GPa versus 1.4 GPa, 
respectively).  However, the TM for corresponding composite films was inferior to that of 
the neat PVA film (19.8 GPa versus 25.2 GPa, respectively).  Crystalline PVA was more 
highly aligned within the PVA/imogolite film than in the neat film of PVA; nevertheless, 
the presence of imogolite hindered the conformational alignment of amorphous PVA. 
The packing density of crystalline PVA was also hindered by the presence of imogolite.  
Choi et al. observed the melting temperatures of PVA crystals within imogolite films 
were lower than the values reported for homopolymer although films were stretched to 
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similar DR values. This behavior suggests the addition of imogolite had hindered the 
chain mobility for crystal growth.    
Strawhecker and Manias studied the structure/property relationships of PVA 
(having a DP of ~900) films that were loaded with layered silicate, namely sodium 
montmorillonite (MMT).[49]  The loading of 4 wt.% MMT was shown to increase the 
thin film modulus of PVA by 300%, and the water permeability of nanocomposite films 
had decreased by more than 40% upon the addition of 2-6 wt.% MMT.  Testing by 
transmission electron microscopy (TEM) and wide angle X-ray diffraction (WAXD) 
analysis provided evidence that the nanocomposites of less than 20 wt.% MMT consisted 
of exfoliated layers and polymer intercalated silicates.  As a result, nanocomposites of 4 
and 10 wt.% MMT were optically transparent to 400-700 nm light just as the neat films.  
Intercalated silicates were observed at loadings of ≥40 wt.%. The distance between 
intercalated layers had decreased from 5 to 2 nm at higher loadings.  The Tm and Tg of 
PVA residing in composites of >60 wt.% MMT were not measurable.  At such high 
loadings of MMT, the molecular mobility of amorphous PVA was restricted by the 
presence of MMT.  Melting from two distinct phases of crystalline PVA were observed 
in the differential scanning calorimetry (DSC) thermograms of samples consisting of 2-
40 wt.% MMT.  The second, higher Tm peak was attributed to the development of PVA 
crystals of a different molecular conformation.[49]  s-PVA and i-PVA are known to have 
higher melting temperatures than a-PVA.[50]  Therefore, the exfoliated layers of silicate 
were believed to template PVA conformations that would yield higher melting 
temperatures.  
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Hydrophilic polymers have been loaded with electrically conductive fillers to 
make electroactive materials.  In the study by Chuangchote et al, PVA was filled with 
carbon black (CB)- a low cost, colloidal filler of amorphous carbon-.  Filler particles had 
a diameter of ~29 nm.  The loading of CB into PVA (having a DPw value of 1,600) was 
shown to affect the storage modulus of PVA fiber mats.  CB was dispersed within 
aqueous PVA using 10 min of sonication.  It was shown that the viscosity of the 
untreated 10 wt.% solution of PVA was 25% higher than the viscosity of the same 
solution that was exposed to 10 min of sonication.  The viscosity of the unsonicated PVA 
solution was also greater than the values reported for CB filled solutions of 10 wt.% 
PVA.  The electrical conductivity of aqueous PVA/CB dispersions was measured as a 
function of CB loading (up to 10 wt.%).  The unfilled PVA solutions of sonicated and 
unsonicated polymer had the same values of electrical conductivity; whereas, the 
electrical conductivity of the PVA solution increased upon loading 10 wt.% CB (from 
1.011 to 1.024 mS/cm, respectively).[51]   
The diameter of CB-filled electrospun fibers were ~160 nm regardless of CB 
loading.[51]  The average diameter of fibers spun from the sonicated solution of 10 wt.% 
PVA was 169 nm, and the average diameter of fibers prepared from the unsonicated 
solution of PVA was 285 nm.  The surfaces of unfilled fibers were smooth; whereas, the 
surfaces of CB containing fibers were irregular.  Irregularities within the diameter of CB 
filled fibers were attributed to the heterogeneous dispersion of CB within the fiber matrix.  
The TS of PVA fibers decreased from 7.4 MPa to 4.5 MPa upon the incorporation of 8 
wt.% CB; nevertheless, the modulus values of electrospun mats had doubled upon the 
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incorporation of 8 wt.% CB.  The storage of modulus (at 0.1 rad/s) of the 8 wt.% filled 
mats was more than twice the storage modulus of PVA mats (at ~0.1 GPa).  
1.4. Carbon Nanotube Reinforced Polymer 
1.4.1. Carbon Nanotubes 
Carbon based nanocomposites offer the potential to create materials that have 
greater structural integrity, range of operating temperature, and electrical/thermal 
conductivity.[52]  Furthermore, these materials can be incorporated in polymers, to create 
composites of high performance.  Nano-structured allotropes include fullerenes (i.e. 
buckyballs),[53-54] capped tubes of a single or multiple walls,[52, 54] and graphene.  In 
comparison to carbon black, the aforementioned materials are highly crystalline.  The 
high aspect ratios and surface areas of carbon nanotube (CNTs), make them ideal fillers 
for polymers.[52]  
 CNTs are known to exhibit properties of gigapascal strength (13-53 GPa), 
terapascal modulus (0.6-5 TPa),[55] and good electrical conductivity.[52]  The molecular 
architecture of CNTs has been known to influence its physical properties.  CNTs are 
composed of sp2 covalently bonded carbons, which are arranged as hexagonal rings along 
the backbone of CNTs.  The diagonal arrangement of planar rings, i.e. chirality,[54] is 
used to distinguish metallic single walled carbon nanotubes (SWNTs) from semi-
conducting SWNTs.[56] 
 CNTs are manufactured from the carbon-arch discharge method, laser ablation, 
and the process of high pressure carbon monoxide (HiPCO).[52, 57]  The bulk of CNTs 
are produced by the catalytic chemical vapor deposition method.[57]  The cost of SWNTs 
is ~$1000/kg; the purity of SWNTs will greatly influence this price.[58] 
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SWNTs have characteristic Raman bands which allow researchers to infer the 
molecular structure of as-received or treated SWNTs.  The radial breathing mode, which 
occurs in the range of  100-500 cm-1, is indicative of nanotube diameter.[56]  The use of a 
single Raman laser is limited in its ability to detect the presence of all SWNT diameters 
and electronic states within a mixed sample of semi-conducting and metallic SWNTs.[56, 
59]  The diameter of SWNTs typically ranges from ~1-7 nm.[54-55]  Multi-walled 
carbon nanotubes (MWNTs) having large diameter tubes do not feature radial breathing 
mode (RBM) bands.[56]  However, the inner tubes of double walled carbon nanotubes 
tubes (DWNTs) have exhibited RBM bands.   
The G+-band at ~1580 cm-1 represents axial vibrations along the CNTs.[56]  The 
G+-band is accompanied by a lower frequency shoulder called the G--band.  The disorder 
band (D-band) is indicative of bonding defects.  The frequency of the D-band depends on 
the wavelength of the Raman laser.  A 2.4 eV Raman laser can produce a D-band peak at 
1350 cm-1, which is known to shifts from 1350 cm-1 in increments of 50 cm-1 per 1 eV 
change in laser energy.[56]  The frequencies of the D-band, G-band, and the G′-band (at 
~2500 cm-1) are influenced by mechanical deformation,[60-61] thermal treatment,[62] 
and the chemical environment of the SWNTs.[56]  Chemical environments that reduce 
the sp2 character of SWNTs will in turn increase the intensity of the D-band.  Repair of 
the sp2 structure will result in a decline in the D-band intensity.[63] 
1.4.2. CNT Morphology 
CNTs have been used to improve the mechanical performance of synthetic fibers 
and films.[52]  The achievement of impressive TS and TM reinforcement by CNTs has 
been attributed in part to the successful transfer of load between the matrix polymer and 
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CNTs.  These characteristics of CNT morphology within matrix polymer- such as 
dispersion quality, exfoliation, and interfacial adhesion- will influence the efficacy of 
load transfer and molecular adhesion between CNTs and polymer.  These following 
factors, which are inherent to samples of CNTs, should also be considered when choosing 
reinforcing filler: percent purity, length, and the diameter distribution of CNTs.   
CNTs, namely SWNTs, readily aggregate into bundles that are bonded by van der 
Waals forces.  The surface area of CNTs is reduced upon aggregation; furthermore, their 
interaction with matrix polymer is limited upon this occurrence.  Surfactants, good 
solvents, and the covalent functionalization of CNTs are techniques for dispersing CNTs 
in polymers.[64]  The sonication of CNTs in a good solvent or polymer solution also aids 
the mixing of CNTs; unfortunately, sonication can damage SWNTs.[65]  Intermolecular, 
non-covalent bonding between the matrix polymer and п-electrons along unmodified 
CNTs can enable the integration of CNTs in polymer as well.[64] 
Because the CNT aggregation will reduce the aspect ratio and surface area of 
CNTs for polymer reinforcement, the assessment of CNT exfoliation within the matrix 
polymer is of interest to those that study CNT reinforced polymers.  Aggregation within 
mixtures of CNT/solvent or CNT/polymer/solvent has been investigated with ultraviolet-
visible (UV-vis) spectroscopy.  Semi-conducting materials, having a high aspect ratio, are 
known to exhibit van Hove singularities within the UV-vis absorbance spectrum; wherein 
each peak will represent the transition between valence and conduction bands.[66]  
Strong van Hove transitions are qualitative indicators of exfoliated CNTs.   
In the study by Zhang et al., the aqueous dispersion of SWNT, sodium dodecyl 
sulfate (SDS), and poly(pyrrolidone) (PVP) (of 45, 16, and 75 mg/L, respectively) each 
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was processed with sonication and centrifugation to achieve isolated SWNTs, as noted by 
the van Hove transitions.[67]  Changes in the aggregated structure of dispersed SWNTs 
were shown to influence the intensities and absorbance wavelengths of van Hove 
transitions. For example, films consisting of SWNT/SDS/PVP/PVA (at 1 and 5 wt.% 
SWNTs) exhibited van Hove transitions that were broader than those observed within the 
aqueous SWNT/SDS/PVP dispersion.  This behavior suggests the SWNTs had 
aggregated within the PVA film.  A similar behavior of SWNT re-aggregation had 
occurred as the dispersion of exfoliated SWNTs had undergone processing into as-spun 
fiber, according to Chae et al.[68]  The presence of exfoliated SWNTs, within the 
PAN/DMF dispersion, was represented by van Hove transitions; nevertheless the SWNT 
composite of as-spun, undrawn fiber did not show forth any van Hove transitions.  
PAN/SWNT fiber that was stretched 16 X its length did exhibit an UV-vis spectrum of 
van Hove transitions. Therefore, the re-aggregation of exfoliated SWNTs can re-occur 
within solvent cast or coagulated composites.  
 CNTs were observed to axially align as the polymer composite was deformed to 
higher values of tensile strain; this was the result of stress transfer from the matrix 
polymer to embedded CNTs.  Within the cast film of SWNT/SDS/PVP/PVA by Zhang et 
al., the frequency of the Raman G′-band varied with tensile strain as tensile stress would 
vary with the elongation of the bulk polymer.  This behavior was suggestive of good load 
transfer between polymer and CNTs.[67]   
The Herman’s orientation parameter[7] has also been used to describe the 
molecular alignment of polymer crystals and the axial alignment of CNTs (namely, 
SWNTs) within stretched polymer composites or bulky paper of only carbon 
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nanotubes.[69-70]  The Herman orientation factor for aligned SWNTs has been 
determined from the Gaussian or Lorentzian distribution models of vertical-vertical (VV)  
polarized, G+-band intensities over 0 to 180º.[71]   
1.4.3. Non-covalently Bonded CNTs 
The molecular composition of polymers,[64, 72] the solubility parameters of solvents, 
[73] and the hydrophilic to lipophilic balance of surfactants[72, 74] have been used to 
manipulate the homogeneity of SWNTs within polymer solutions and composites.  The 
review article by Bose et al. described studies of molecular π-π, π-cation, and CH-π 
bonding between carbon nanotubes and surfactants within matrix polymer.  UV-Vis 
spectroscopy, Raman spectroscopy, IR spectroscopy, and X-ray photoelectron 
spectroscopy have been used to analyze changes in the electronic structure of CNTs that 
result from non-covalent interactions between SWNTs and their molecular 
environment.[63, 75]  Polycyclic aromatic ring structures (such as SWNTs) have 
assumed the roles of π-acceptor and π-donor within a charge transfer complex.[76-77]  
Metallic SWNTs were shown to be more susceptible to charge transfer between 
themselves and the electron donating and withdrawing groups (EDWGs) of several 
aromatic/aliphatic solvents than semi-conducting SWNTs[63]. 
 According to the WAXD analysis of SWNTs in the presence of anhydrous 
sulfuric acid, a crystalline interphase of sulfuric acid molecules formed along the SWNT 
axis at low temperatures.[78]  SWNTs had influenced the preferential alignment of 
solvent molecules, was suggestive of hydrogen bonding between SWNTs and the 
adjacent molecules of sulfuric acid.  Polarized IR spectroscopy has been used to 
investigate the orientation of functional groups, polymer chains within polymeric films 
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[79-81], fibers [82] and drawn nanocomposites.[83-84]  Yuan et al. utilized IR dichroism 
to study the effects of MWNTs, within drawn composite films, on the preferential 
alignment of molecular groups that were characteristic of the matrix polymer.  MWNTs 
were observed to impede the preferential alignment of main chain methylene groups and 
the pendant benzene rings of syndiotactic polystyrene along the film stretch direction.[83] 
1.4.4. CNTs as Nucleating Agents 
 Further, CNTs have been shown to template polymer interphases and crystalline 
polymer (within sheared solutions, fibers, and oriented films).[42, 85-87]  The 
crystallization kinetics of polymer melts is also affected by CNT incorporation.[71]  This 
section will discuss literature on CNT/polymer interfaces, the nucleation-and-growth of 
crystalline polymer from the melt, and solution-gel transformations in response to CNT 
loading.  
According to Coleman et al, the presence of CNTs nucleated the ordering of the 
polymer interphase, which happens to be a major contributor to the stiffness of CNT 
reinforced PVA.[88]  In their study, PVA films (having a DP of 680-1,600) were 
embedded with different types of CNTs at low volume fractions of filler, VfCNTs, (≤1 
wt.% CNTs).  Both the Young’s modulus (Y) and crystallinity (Xc) of PVA composites 
had scaled linearly with the VfCNT of each CNT-type.[88]  This behavior suggests the 
volume fraction of CNTs had affected the nucleation of ordered PVA.  Further, the 
calculated thickness of the polymer interphase along different CNTs, which was 
calculated from plots of Xc versus VfCNT, was shown to agree with the experimentally 
determined values of interphase thickness.  The differential modulus and differential 
crystallinity of PVA with respect to the volume fraction of CNTs (dY/dVfCNT and 
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dXc/dVfCNTs, respectively) had scaled linearly with each other, irrespective of CNT-type.  
Therefore, the structural reinforcement of polymers was attributed to the ability of CNTs 
to nucleate an ordered interphase of polymer.  
   Filler aggregation and imperfect interphases along the filler’s surface will have an 
adverse effect on the modulus of CNTs/polymer composites.[89]  Karevan et al. used 
phase imaging atomic force microscopy to investigate phases within composites of 
PP/CNTs and PP/exfoliated graphite nanoplatelets.  The stiffness of the polymer 
interphase, between agglomerated filler and matrix polymer, was shown to decrease 
gradually along its width.  In some instances, voids were detected in the region between 
the bulk polymer and filler interface.  The aggregation of CNTs and voids both prevented 
the realization of CNT reinforcement, as predicted by mechanical models that assumed a 
perfect contact between exfoliated filler and polymer.  
In the work by van Hutten et al., the crystalline morphology of gel-spun 
UHMWPE was transformed from shish-kebabs to densely packed fibrils of extended 
chain polymer as the incremental fiber draw ratio was increased from 5.6 to 80 X.[90]  
Gel-spun fibers that were prepared from 5 wt.% solutions of UHMWPE in paraffin oil 
had shown shish-kebab morphologies (i.e. PE fibrils decorated with periodic layers of 
lamellar PE) once they were hot-drawn by 5.6 X.  Interestingly, shish-kebab 
morphologies have also formed within stationary dispersions of PE/MWNTs/p-xylene 
and nylon 6,6/MWNTs/glycerin.[91]  For instance, isolated MWNTs behaved as rigid 
shish that were capable of nucleating the growth of lamellar PE crystals within 
PE/MWNT/p-xylene dispersions held at 103 ºC for 30 min.  The periodic growth of 
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lamellar crystals along the axis of exfoliated CNTs had resulted in structures called 
nanohybrid shish-kebabs.[91-92]  
The presence of CNTs has been shown to influence the temperature of isothermal 
crystallization and the conformation of polymer.  Polyamide 6/MWNT composites were 
melt blended at 250 °C for 6 minutes under nitrogen and using a mixing rate of 200 rpm, 
in the work by Brosse et al.[93]  The incorporation of 0-10 wt.% MWNTs into polyamide 
6 caused the formation of crystals that would melt at higher temperatures and another 
crystalline form.  The homogeneous dispersion of MWNTs was necessary to observe 
melting from two forms of crystalline polymer and the intense peak of higher Tm.  The 
higher Tm peak was attributed to the perpendicular growth of lamellar polyamide 6 chains 
from the axis of MWMTs.        
 The nucleation-and-growth of crystalline PVA within dispersions and films of 
SWNTs has also been reported in the literature.[86, 88, 94]  A solution of 1 wt.% PVA in 
80/20 v/v DMSO/water and the corresponding 99:1 PVA/SWNT dispersion were sheared 
with 500 to 800 rpm at 55 °C for several hours.[86]  PVA was shown to assemble into 
fibers of several microns that were composed of nanoscale fibrils.  Fibrils observed 
within the fibers of homopolymer were on the order of 100-800 nm; whereas, fibrils from 
the PVA/SWNT dispersion were on the order of 10-100 nm.  The molecular axis of 
crystalline PVA was reported to align itself at 36° off of the SWNT axis.  The 
crystallinity of PVA within the PVA/SWNT system was 36% greater than the value 
reported for the homopolymer solution.  
 Probst et al. studied the effects of SWNT incorporation on the crystallization of 
molten PVA (DPw of 3,400).[94]  SWNTs, stabilized with the sodium salt of 
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decylbenzenesulfonic acid, were dispersed in aqueous solutions of PVA at 0.1 and 1 
wt.% and subsequently sonicated for 3 hr.  Samples were held at 235 °C for 1 min prior 
to cooling and nonisothermal crystallization.  The PVA composite of 0.1 and 1 wt.% 
SWNTs exhibited crystallization temperatures that were ~5 °C higher than those 
observed for the neat PVA.  Growth rates for crystalline PVA were highest among the 
composite of 0.1 wt.% SWNTs than for the neat film and sample of 1 wt.% SWNTs.  The 
melting temperatures of 1 wt.% SWNTs films that were cooled from 235 °C at different 
rates were slightly lower than the values reported for films of homopolymer.  Also, the 
thermal degradation of PVA, at temperatures near crystalline melting, was more 
pronounced in the composite of 1 wt.% SWNTs.  In this study, the loading of 1 wt.% 
SWNTs catalyzed the thermal degradation of PVA and reduced the growth rate of 
crystalline polymer.  
CNTs have also shown to influence the sol-gel transformation of precursor gels in 
preparing fibers and films.  It has been shown that the type of CNTs within PVA polymer 
can influence the freezing temperature of solvent imbibed within the developing gel 
network.  PVA gel fiber containing 1 wt.% SWNTs had shown evidence of solvent 
freezing post immersion into -25 °C MeOH; however, gels of 1 wt.% MWNTs and 
unfilled PVA did not exhibit any evidence of solvent freezing within MeOH chilled to     
-40 °C.[42]  In the Wang and Chen study of SWNT hydrogels (containing 0.01 to 0.2 
wt.% SWNTs), CNTs appeared to hasten the RT gelation of Pluronic block copolymer in 
combination with cyclodextrin.[95]  The rapid inclusion of polyethylene oxide (PEO) 
blocks of Pluronic copolymers into cyclodextrin linkers was accredited to the pre-
organization of PEO blocks along SWNTs, which seemingly resulted from the sonication 
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and centrifugation of CNT/polymer dispersions.  Polymer crystallization within 
UHMWPE/MWNTs was proposed to ensue from the surface of MWNTs.[96]  Regions 
of gel polymer were believed to be adjoined by CNTs.  However, in the same study, 
MWNTs were observed to decrease the rate of UHMWPE gelation. 
1.5. SWNT Reinforced PVA Fibers 
Researchers have investigated areas of PVA gel formation,[24, 44] fiber drawing, 
[12, 32, 43] and composite fibers of CNTs [97-99] to influence the microstructure and 
overall properties of gel-spun PVA fibers.  SWNTs have been incorporated into polymer 
to behave as load bearing fillers for high strength, high modulus fibers.  Upon the 
addition of 0.3-3 wt.% SWNTs to the matrix polymer, several researchers have reported 
overall enhancements in the mechanical performance of gel-spun PVA fibers.  These 
property enhancements have been attributed in part to the dispersion and orientation of 
carbon nanotubes (CNTs) within fully drawn fibers and the interfacial crystallization of 
polymer along aligned CNTs.[68, 97]   
The mechanical properties and gel-spinning conditions of some unfilled PVA 
fibers and SWNT embedded fibers are listed in Table 1.2.  Xu et al. prepared high 
strength PVA/SWNT fibers of 2.2 GPa using 0.3 wt.% SWNTs and PVA, having a DP of 
1,500.[98]  High strength and high modulus SWNT composite fibers (of 2.6 GPa and 70 
GPa, respectively) were prepared by Minus et al., using PVA having a DP of 18,000 and 
1 wt.% SWNTs.[97]  Fibers in both studies were composed of uniaxially aligned 
SWNTs, and each study gave evidence in support of strong interfacial adhesion between 
the PVA and SWNTs.   
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For instance in Xu et al., Raman spectra of PVA/SWNT dispersions, comprising 
0.05, 0.1, and 0.3 wt.% SWNTs, revealed an upshift in the frequency of the SWNT G+-
band from that of pristine SWNTs.[98]  Charge transfer between the PVA/DMSO carrier 
and SWNTs was acknowledged as the cause of that shift.  Because of the adhesion 
between PVA and SWNTs, repeat washings of PVA-coated SWNTs with distilled water 
at RT could not remove PVA from the surface of SWNTs.[98]    
In Minus et al., PVA fibers of high mechanical strength were shown to dissolve 
within DMSO at 85 °C; whereas the high strength, high modulus fibers of 99:1 
PVA/SWNT were not completely dissolved in DMSO at 85 °C.[97]  Further, TEM 
micrographs of the insoluble PVA/SWNT matter had revealed PVA fibrils along the 
surface of SWNTs.  The wet shrinkage of 99:1 PVA/SWNT fiber in boiling water for 30 
min was 11%, which is three times less than the shrinkage that was reported for neat fiber 
under the same conditions.[97]  
Although the TS and TM of fibers reported in the study by Zhang et al. were lower 
than those observed in the studies by Minus et al. and Xu et al., their study did show 
evidence that the embedded SWNTs had mechanically and structurally reinforced gel-
spun PVA fibers.[97-99]  The TS and TM of gel-spun PVA/SWNT fibers, containing 3 
wt.% SWNTs, were 1.1 GPa and 35.8 GPa, respectively.[99]  These values were higher 
than the corresponding TS and TM of neat PVA fibers, which were 0.9 GPa and 25.6 
GPa, respectively.  The Tg and alpha-relaxation of crystalline polymer occurred at higher 
temperatures within the PVA/SWNT fibers than within the neat PVA fibers.  These 
behaviors suggested the molecular mobility of PVA chains were constrained by the 
presence of SWNTs.  The SEM micrographs had revealed bundles of SWNTs that were 
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coated with PVA, at the fracture tip of the composite fiber.  The width of PVA coated 
SWNTs were ~20 nm in diameter.  
 















10 wt. % PVA in 80/20 
DMSO:H2O; 
Gelation in MeOH at -20 °C; 
Drawn at S1/160 c) and then 
S2/200 [12] 
99.5 5,000 50 2.8 64 
3 wt. % PVA in 80/20 
DMSO:H2O; 
Gelation in MeOH (MeOH)  
at -70 °C; 
Coagulation in MeOH for 24 hrs at    
-70 °C; Drawn at S1/00, S2/160, 
S3/200, S4/290[97]  
98.4 18,000 6.9 d) 1.6 47 
10 wt. % PVA in 100 % DMSO; 
Gelation in MeOH at ~ -10 °C;  
Coagulation in MeOH for 24 hrs at 



























3 wt. % PVA in 80/20 DMSO:H2O 
Gelation at -70 °C in MeOH 
Coagulation in MeOH for 24hrs at 
-70 °C; Drawn at S1/100, S2/160, 
S3/200, S4/290 [97] 
98.4 18,000 14 d) 2.6 70 
99.7:0.3 PVA:SWNT 
10 wt. % PVA in 100% DMSO 
Gelation ~-10 °C in MeOH; 
Coagulation in MeOH for 24 hrs at 
RT; Drawn 220 °C[98] 
99.9 1,500 23 2.2 36 
 
a) TS = tensile strength, b) TM = tensile modulus, c) S#/# = sequence of stage drawing 
and its temperature in Celsius degrees, and d) DR = cumulative heat draw ratio. 
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1.6. Thesis Objectives 
Interestingly, researchers have revealed marked improvements in the mechanical 
properties of gel-spun PVA/CNT fibers (having loadings of ≤1 wt. % SWNTs).[97-99]   
Due to the high price of CNTs, the formation of high performance fibers from low weight 
fractions of CNTs would be ideal.  The process of gel fiber aging was integrated into the 
gel-spinning method in an attempt to increase the DR of PVA/CNT fibers and to induce 
the formation of microphases that would be conducive to the fabrication of strong fibers. 
The use of gel aging to prepare high strength, high modulus tapes of neat PVA has been 
published;[32] however, the publication of any work that has attempted to prepare 
PVA/CNT fibers by the gel aging technique is currently unknown.  The ability of CNTs 
to nucleate the ordering of polymer upon gelation and fiber drawing was studied 
throughout this investigation as well.           
The goals of this study were to 
1. Identify phases residing in PVA/CNT composite fibers and specify the effects of 
CNTs on the microstructure/properties of drawn fibers. 
2. Investigate the nucleating effects of CNTs on the gelation of PVA/CNT 
dispersions at subzero temperatures. 
3. Understand the effects of CNTs on the structure/properties/processing of fibers 




EFFECTS OF CARBON NANOTUBES ON THE 
MICROSTRUCTURE OF DRAWN FIBERS 
 
2.1. Introduction 
 Several stages of elevated temperature drawing were applied to the fabrication of 
gel-spun PVA fibers,[12, 43] as well as their CNT composites[97].  The mechanical 
reinforcement of polymer using CNTs has been attributed to the transfer of mechanical 
stress from the matrix polymer onto inherently strong CNTs and the structural 
reinforcement of polymer by CNTs.[88]   
 This chapter explores the mechanical properties of composite fibers and the 
development of fiber microstructure, with respect to SWNT incorporation and sequential 
drawing.  Gel-spun PVA and PVA/SWNT fibers were stretched in 2-4 stages of elevated 
temperature drawing and to similar values of DR.  Furthermore, the effects of SWNT 
orientation on the preferential alignment of PVA functional groups and imbibed solvent 
have been studied.  The molecular adhesion between SWNTs and functional groups 
within the matrix polymer were investigated using spectroscopy and the density 
functional theory.   
2.2. Experimental Section 
2.2.1. Fiber Preparation   
 Spinning dopes were prepared from 3 wt.% aPVA that was dissolved in a mixture 
of DMSO (Aldrich) and deionized water at ≈85 °C.  PVA had a DP of 18,000 and was 
98.4% hydrolyzed (lot # 636837 by Kuraray Co. Ltd).  SWNTs (lot # P0247 by CNI 
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having a purity of >98%) were sonicated in DMSO (at 0.4 mg SWNTs per mL of 
DMSO) using the Fisher Scientific bath at 43 kHz and 150 W for 24 hrs.  SWNT 
dispersions were blended into PVA solutions by means of mechanical stirring.  The 
overall v/v of DMSO/water within the final PVA and PVA/SWNT spinning dopes was 
80/20.  The weight ratio of PVA to SWNT within the composite fiber was 99:1.   
The spinning dope was pumped through the 18 gauge (i.e. 1 mm diameter) 
syringe that was placed 2-5 mm above the chilled MeOH spinning bath.  Gel-fiber was 
spun in the -20 °C MeOH bath, taken-up, and subsequently stored in a MeOH 
coagulation bath at -78 °C for 24 hrs.  Batches of gel-spun fiber were drawn in the 
following sequence of stages/hotplate temperatures: S1/100, S2/160, S3/200, and S4/290.  
The draw ratio was determined as the speed of the take-up roller divided by the speed of 
the feed roller.  The reported cumulative DR was actually the product of draw ratios from 
each stage of drawing. 
 
Figure 2.1. Fabrication of gel-spun fibers.  
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2.2.2. Mechanical Testing 
The TS, TM, and strain at break of PVA and SWNT composite fibers were 
measured using the rheometrics solids analyzer, RSA III by Rheometics Scientific Co.  
Mechanical testing was performed at RT using a gauge length of 25.4 mm and at a strain 
rate of 0.1 %/sec. 
The effective fiber diameters (φf) were determined from measurements of fiber 
density.  Values of fiber weight (wf) were taken from predetermined lengths (l) of at least 
300 cm of fiber.  The value of Xc was determined from the WAXD analysis of bundled 
fibers.  The densities of amorphous and crystalline PVA were ρa=1.269 and ρc=1.345 
g/cm3, respectively.[97]  The values of the aforementioned parameters were substituted 
into Equation 2.1, to calculate φf.  An error of ≈10% was associated with the calculation 

























ϕ        (2.1) 
2.2.3. Thermal Analysis   
The following tests were used to conduct the thermal analysis: thermomechanical 
analysis (TMA) on the TMAQ400, DSC on the DSC Q200, and thermogravimetric 
analysis (TGA) on the TGA 5000 (all from TA Instruments).   
2.2.3.1. Thermal Shrinkage 
 The thermal shrinkage of PVA and PVA/SWNT fibers, as a function of drawing 
stage, was performed on the TMA.  Fibers were heated from RT to 200 ºC at 5 ºC/min 
and with a constant stress of 2.5 MPa in argon.  The applied stress was below the yield 
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stress of each tested fiber.  The yield stress of fibers was determined from stress-strain 
curves. 
2.2.3.2. DSC  
 Fiber bundles of 0.4 to 1 mg were prepared in aluminum standard pans for DSC 
analysis.  Modulated differential scanning calorimetry (MDSC) experiments were 
performed to resolve overlapping transitions through the application of cyclical heating 
and/or cooling [100-101].  Reversing (R-) heat flow curves revealed transitions in which 
the applied heating rate (β=dT/dt) was directly related to the total heat flow (dQ/dt); e.g., 
the Tg and crystalline melting [100-102].  The subtraction of R-heat flow from total heat 
flow had given the non-reversing (NR-) heat flow.  NR-heat flow was derived from 
kinetic events- which are functions of absolute temperature and time; e.g., evaporation, 
crystallization, and degradation [100-101]. 
MDSC experiments were conducted as follows: equilibration at -20 °C, 
modulation of ± 0.796 °C of the average temperature every 60 seconds, and a temperature 
ramp up to 300 °C.  The average rate of heating was 5 °C/min in nitrogen.  The presented 
thermograms were all from the first heating cycle of a DSC run.  The Tg of fibers was 
obtained from the first heating cycle of the reversing heat flow curve. 
2.2.3.3. TGA 
 Gel-spun fiber, PVA powder, and 80/20 DMSO/water (at 0.85-1.5 mg) were 
prepared for TGA.  Samples were tested in a platinum holding pan.  Heating was 
performed at 10 ºC/min in nitrogen gas.  Differential thermogravimetric analysis (DTGA) 
had assisted the tracking of weight loss that was due to solvent evaporation and polymer 
degradation.   
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2.2.4. WAXD Analysis 
 WAXD was performed on the Micro Max 002 X-ray generator and R-axis VI++ 
detector by Rigaku.  Instrument settings included 45 kV power and a current of 0.66 mA.  
Fiber bundles of 15 or more fibers were used for WAXD analysis. The unit cell 
orientation of crystalline PVA (fb) within PVA and PVA/SWNT fibers was determined 
according to methods described in Minus et al. and Wilchinsky; wherein azimuthal scans 
of the (200) and (101) diffraction planes (for -90≤ κ ≥90) were used to calculate the 
values of <cos2κ>, and I(κ) represented the intensity of  X-ray diffraction at angle κ (see 































κ      (2.3)  
 
2.2.5. Spectroscopic Analysis 
2.2.5.1. Raman Spectroscopy 
 The polarized Raman spectrometer (by Kaiser Optical Systems Inc.) equipped 
with a 1.58 eV (785 nm) laser was used to analyze fibers of PVA/SWNT.  Spectra were 
collected with laser power of 60 mW at 1 s exposure times, and 40 spectral 
accumulations.  Fiber bundles were rotated from -90 to +90º about the optical axis in VV 
mode.  The fiber axis was initially placed perpendicular to the optical axis. 
 The polarized Raman intensities of SWNT G+-bands were normalized by the 
highest Raman intensity and fitted according to Equation (2.4) using Origin Pro 8.1.  In 
Equation (2.4), the Raman G+-band intensities were given as a function of polarization, 
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I(ψ)- represented the difference between the recorded Raman intensity (y(ψ)) and 
constant background (y0).  I(ψ) was fitted by a Gaussian distribution having peak height 
(h) and full width at half maximum (w).  The w was used to describe the orientation of 
SWNTs from Gaussian fits.  The misalignment of the fiber/SWNT axis of symmetry, 
with respect to the polarization direction of the incident laser beam, was corrected with 
ψc.   








⋅=− exp       (2.4) 
2.2.5.2. IR Spectroscopy 
The AutoIMAGE System and gold wire grid polarizer- L186-0408 (by Perkin 
Elmer Instruments) was used to perform polarized IR analysis.  Spectra were collected 
using 256 scans at a resolution of 4 cm-1.  The collected spectra were subjected to 
constant baseline subtraction and  normalized to the 1456 cm-1 peak[104-105] for further 
analysis.  The dichroic ratio (D) was experimentally determined from polarized 









D         (2.5) 
The fraction of molecular moieties that exhibited preferential alignment was 
described using Fraser’s relationship (Equation 2.6), between the dichroic ratio (D) and 
the fraction of functional groups (x), having a transition moment along the angle (θ) 
relative to the fiber axis.  The polarized beam for θ=0º was assumed to be in parallel with 






















θ      (2.6) 
IR measurements were also performed on as-received PVA powder, unfilled PVA 
fibers, and PVA/SWNT composite fibers that were thermally treated and pelletized in 
potassium bromide (KBr).  Thermal treatments were performed using the TGA.  
2.2.6. Molecular Modeling 
 The interactions between SWNTs and functional groups were studied using the 
spin-unrestricted density functional theory (DFT) by employing the generalized gradient 
approximation (GGA), Perdew-Burke-Ernzerhof (PBE) functional,[106] and the double 
numerical plus polarization (DNP) basis set in DMol3[107-108] under periodic boundary 
conditions.   
 First, a single metallic (6,6) SWNT, having a diameter of 0.814 nm, was placed in 
the presence of one molecule of either 1,3,5-hexane triol, 1,3,5-hexane triacetate, water, 
or DMSO. Then, energy minimization was performed to optimize the structure of the 
SWNT-adsorbate complex, to calculate the charge transfer, and determine the binding 
energy.  The charge transfer was calculated using the Mulliken population analysis,[109] 
which divides the electrons to the basis functions of the atoms connected through the 
bonds.  The binding energy ( bindingE∆ ) was determined by Equation 2.7. adsorbateSWNTE −  , 
SWNTE , and adsorbateE  denoted the energy of the entire system in which the adsorbate 
molecule was bound onto the SWNT, the energy of bare SWNT, and the energy of 
adsorbate, respectively.  Thus, the adsorption was favorable if 0<∆ bindingE .  
 ( )adsorbateSWNTadsorbateSWNTbinding EEEE +−=∆ −  (2.7) 
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2.3. Results and Discussion 
2.3.1. Mechanical Properties 
 The mechanical properties of gel-spun PVA and SWNT composite fibers 
(prepared according to Figure 2.1) were listed in Table 2.1.  The series of PVA fibers had 
showed a greater resistance to mechanical deformation with additional drawing; also, the 
cross sections of PVA fibers had decreased with sequential drawing.  The mechanical 
properties of PVA/SWNT S4/290 drawn fibers were counter-intuitive; higher strength 
and modulus values typically correlate with higher values of DR.  This behavior will be 
discussed upon the determination of PVA/SWNT S4/290’s fiber microstructure.   
The incorporation of SWNTs and sequential drawing also influenced the thermal 
shrinkage of gel-spun fibers, as shown in Figure 2.2.  PVA/SWNT fibers had exhibited 
less shrinkage than PVA fibers that were drawn to similar values of DR.  Therefore, 
SWNTs must inhibit the relaxation of PVA chains at elevated temperatures; this behavior 
of SWNTs was similarly reported in Zhang et al. and Minus et al.[97, 99]    
 
 
Figure 2.2. Effects of drawing stages on the thermal shrinkage of a) PVA and b) 
PVA/SWNT Fibers. 
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Table 2.1. Mechanical Properties of PVA and PVA/SWNT Fibers with Sequential Drawing. 








Total Draw Stages/ 
Final Draw Temp (°C) 
S2/160 S3/200 S4/290 S2/160 S3/200 S4/290 
DR 
a)










 (µm) 25 23 19 29 24 24 
 TS
 c)
 (GPa) 0.81 ± 0.04 0.94 ± 0.05 1.0 ± 0.01 0.61 ± 0.05 0.68 ± 0.06 0.55 ± 0.05 
TM
  d)
 (GPa) 26 ± 2 29 ± 2 31 ± 2 24 ± 3 21 ± 2 18 ± 2 
Strain at Break (%) 6.3 ± 0.4 5.7 ± 0.5 5.9 ± 0.6 5.3 ± 0.4 4.8 ± 0.4 5.3 ± 0.4 
 
a) DR =DRStage1×DRStage2×DRStage3×DRStage4 and the cumulative heat draw ratio, b) φf  = the diameter of fibers, c) TS = tensile strength, 
and d) TM = tensile modulus. 
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2.3.2. PVA Microstructure  
The crystalline microstructures of unfilled and CNT composite fibers were 
characterized to understand the effects of stage drawing on the mechanical properties of 
gel-spun fibers (as reported in Table 2.1 and Figure 2.2).  The crystalline phase within 
gel-spun fiber was characterized by WAXD (Table 2.2).  The size of PVA crystals were 
shown to grow with sequential drawing.  The growth of PVA crystals with stage drawing 
had led to the increase in mechanical properties and the fiber’s resistance to thermal 
shrinkage.  Cappacio similarly observed less thermal shrinkage from UHMWPE fibers 
that were drawn to higher values of DR and possessed thicker crystals.[110]  The crystal 
size (XS in Table 2.2) of PVA crystals had increased with DR, but the Xc decreased for 
unknown reasons.        
The measurements of Tm for stage-drawn PVA and PVA/SWNT fibers were 
similar, ≈229 °C (according to total heat flow and R-heat flow curves in Figure 2.3).  The 
crystallinity of fibers was not calculated from DSC thermograms due to thermal 
degradation of PVA that can occur at temperatures above 200 °C (as observed from TGA 
curves in Figure 2.4a).  WAXD analysis was used instead to calculated values of Xc 
(Table 2.2.).  High temperature shoulders along the prominent melting peak became more 
noticeable with higher values of DR.  Suzuki et al. had observed a high temperature 
shoulder along the prominent melting peak of gel-spun PVA fibers.  In that study, the 
PVA used had a DP of 7,000 and fibers were stretched to a DR value of 20 X[33].  Cha et 
al. and Tanigami et al. also reported double melting peaks and melting temperatures 
above 230 °C among high strength and high modulus fibers [12, 32].  Therefore, the high 
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temperature shoulders that were observed among S4/290 fibers were associated with the 
formation of ECC[33].   
 
Table 2.2. WAXD Characterization of PVA and PVA/SWNT Fibers. 
Sample Designation 
PVA Fibers PVA/SWNT Fibers 
(Drawn in Series) (Drawn in Series) 
Total Draw Stages/ Final 
Draw Temp (°C) 
S2/160 S3/200 S4/290 S2/160 S3/200 S4/290 
DR 
a)
 (X) 4.1 5.2 7.5 3.7 4.5 7.3 
Xc 
b)




(100) 4 5 6 5 5 7 
(001) 8 8 13 8 8 13 
(110) 5 11 11 5 11 12 
(111) 5 8 10 5 8 9 
(211) 5 6 7 5 6 7 
 
a) DR = the cumulative heat draw ratio, b) Xc = the volume fraction of crystalline 






Figure 2.3. MDSC thermograms of a) PVA and b) PVA/SWNT fibers: i) total heat flow, 
ii) R-heat flow, and iii) NR-heat flow. 
 
Figure 2.4. Thermographs of a) solvent evaporation from as-received PVA powder, 
control PVA, and PVA/SWNT fibers that were drawn at 7.5 X and 7.3 X, respectively, 
and b) 80/20 DMSO/water evaporation by i) TGA and ii) DTGA.  
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PVA and PVA/SWNT fibers had lost ~4.5% of their weight when heated up to 
200 °C, regardless of drawing stage.  The evaporation of solvent from S4/290 fibers had 
revealed two mechanisms of weight loss (from 25-200 °C in Figure 2.4a); whereas, the 
80/20 solution of DMSO/water had a single mode of evaporation, whose rate had peaked 
at 134 °C (Figure 2.4b).  The evaporation of solvent from fibers represented two distinct 
phases of solvent: a water-rich phase[111] and a DMSO-rich phase.  These phases 
evaporated at peak temperatures of ~82 °C and ~172 °C, respectively according to DTGA 
in Figure 2.4aii.  Endothermic peaks from the total and NR-heat flow thermograms 
(Figure 2.3) coincided with those DTGA transitions.  Guerrini et al. attributed a similar 
endothermic peak, which ranged from 4 to 129 °C, to the evaporation of water from PVA 
[112].  Although, the weight fractions of residual water and DMSO did not change with 
draw ratio, the heat capacities of these transitions did change with draw ratio (Figure 2.3).  
Therefore, endothermic peaks below 200 °C were believed to include the relaxation of 
polymer chains upon solvent evaporation.   
The reversing mode enabled clear delineation of the polymer’s Tg.  Due to the 
presence of solvent within amorphous PVA, Tg values ranged from 32-45 °C (Figure 
2.3aii).  The reported Tg of dry PVA was ~ 85 °C.[35, 113] 
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2.3.3. IR Spectroscopy of PVA Fibers 
 Crystalline and amorphous PVA absorbed in the 950-1175 cm-1 frequency range 
(Figure 2.5, 2.6 and Table 2.3).  Gaussian peak deconvolution was used to separate 
contributions from the PVA conformations in crystalline and amorphous domains.  The 
deconvoluted results were shown in Figure 2.6, where the fitted peaks at 1141 cm-1 and 
higher were attributed to crystalline chain conformations of PVA and the fitted peaks at 
1087-1097 cm-1 represented amorphous PVA (Table 2.3).[40, 114-115]  The remaining 




Figure 2.5. IR spectra of PVA powder (P) and fiber (F). Both the powder and the fiber 
samples were heated from RT to 100 and 200 °C at 10 °C/min in nitrogen, cooled to RT, 
and made into pellets of KBr.  
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Figure 2.6. Gaussian deconvolutions of IR Spectra had ranged from 950-1175 cm-1: a) as-
received PVA powder, b) S4/290 PVA fiber, and c) S4/290 PVA/SWNT fiber.  For the b) 
and c) spectra, IR beam was polarized perpendicular to the fiber axis.  Heavily outlined, 
absorbance peaks represented crystalline PVA conformations (≥ 1141 cm-1), amorphous 





Table 2.3.  Identification of FTIR peaks in PVA-Based Fibers. 









The observed absorbance was due to –OH stretching from water, 
PVA, and hydrogen bonding between –OH groups.  Free –OH 
groups, which were not engaged in hydrogen bonding and will 




The absorbance shoulder along the 1714 cm-1 peak was indicative 




Carbonyl absorbance was due to presence of acetic acid 
impurities or possibly molecular oxidation[111] in the as-




H-O-H bending vibration from imbibed water was influenced by 
hydrogen bonding and the formation of molecular 
complexes.[117, 122]  Water removal was evident upon heating 
PVA from 100 to 200 ºC, as shown by the depression or 
disappearance of the H-O-H bending vibration in Figure 2.5.  
~1560 (s,CH3COO
-K+) 
Coordination between residual acetic acid in the PVA powder 
and potassium ions of the KBr matrix yielded potassium acetate. 
[116-117] 




(sh, PVA Chain) 
Indicative of the conformation of PVA chains in the crystalline 
region.[40, 114-115] 
1073-1125 (s, PVA Chain) 
The conformation of PVA chains in the amorphous region was 




-S=O stretching originated from residual DMSO contained within 
drawn fibers.  IR absorbance ranging from 1045 - 1014 cm-1 was 
indicative of intermolecular bonding between DMSO and other 
chemicals; concentrated DMSO molecules absorbed at higher 
wavenumbers.[123]  DMSO removal was evident upon heating 
fiber from 100 to 200 ºC, was shown in Figure 2.5 by the 
depression of S=O stretching vibration features in Figure 2.5. 
998-1056 (sh, -CH2-) Skeletal vibrations[124] 
 
Peak intensities were described as vs for very strong, sh for shoulder, and s for strong.
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  The IR absorbance from pendant PVA hydroxyl groups, vs(-OH), occurred 
between 3000-3750 cm-1.  The -OH stretching peak from PVA powder had narrowed 
upon heating from 100 to 200 °C (Figure 2.5).  The absorbance shoulder at ~1721 cm-1 in 
Figure 2.5 has been attributed to the presence of unhydrolyzed acetate carbonyl side-
groups.[120]  The stretching vibration of acetate carbonyl groups at ~1721 cm-1 has also 
been used to suggest hydrogen bonding between these functional groups and proton 
donors.[119]  The carbonyl peak for pendant acetate groups (C2H3OO) shouldered a more 
intense peak (ranging from 1714-1716 cm-1), which has been identified as acetic acid 
(CH3COOH).  Acetic acid was an impurity from the conversion of PVAc into PVA 
(Scheme 1.1).  Absorbance at ~1714 cm-1 has suggested acetic acid was engaged in 
molecular complexes.[116-117, 121]  Hydrogen bonding between acetic acid and other 
molecules may have caused its evaporation temperature to increase.  Acetic acid 
remained in the PVA powder and fibers above its boiling temperature, as evidenced by 
the spectra in Figure 2.5.  Spectra of PVA powder in KBr showed absorbance peaks at 
~1560 cm-1, which were not observed in the KBr pellets of fibers.  Since carboxylic acid 
can form potassium carboxylate when pelletized in KBr,[116] that peak was attributed to 
the formation of potassium acetate.  Acetic acid in the core of PVA fiber would be less 
susceptible to complex formation with KBr, as confirmed by the spectra in Figure 2.5.     
 Imbibed water and DMSO have been identified from IR spectra in Figures 2.5 and 
2.6.  The absorbance peaks for imbibed water occurred around 1656-1665 cm-1 and for 
DMSO around 1016-1047 cm-1, respectively.  The intensities of these peaks diminished 
upon heating gel-spun fiber PVA S4/290 from 100 to 200 °C, as shown in Figure 2.5.  
The vibrational frequencies of water and DMSO were influenced by hydrogen bonding 
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and molecular complexing with metal ions or EDWGs.[125]   The bending frequency of 
water, vδ(H-O-H), imbibed within PVA powder occurred at ~1650 cm
-1;[117] however, 
spectra of gel-spun PVA fibers have shown the bending frequency for water at 1665 cm-1.  
Therefore, the bending frequency of water was influenced by the presence of a co-
solvent; the complexing of water with DMSO has been reported to exhibit an IR peak at 
1663 cm-1.[122]  Molecular interactions between water molecules and PVA were also 
believed to influence the IR frequency of imbibed water. 
 Intermolecular bonding between DMSO and proton donating groups was 
confirmed by the 1016 and 1020 cm-1 absorbance frequencies (Figure 2.6b,c).  These 
frequencies have been indicative of hydrogen bonding via the oxygen atom of the 
sulfoxide group, i.e. O-coordination.[123, 125]  According to Bertoluzza et al, the 
sulfoxide stretching frequency, vs(S=O), shifted to lower frequencies from 1058 cm
-1 as 
DMSO dimers were diluted with water.  When the water/DMSO molar ratios ranged 
from 1 to 20, the sulfoxide stretching frequency gradually shifted from 1014 to 1045 cm-
1.[123]  The deconvoluted IR spectra of gel-spun PVA and PVA/SWNT fibers (in Figure 
2.6b,c) gave evidence of O-coordination by DMSO.   
 IR spectra of PVA and SWNT composite fibers (Figure 2.7) revealed that the 
intensities of several IR bands exhibited anisotropy about the fiber axis.  The following 
sections will explore molecular anisotropy as a function of fiber drawing and SWNT 




Figure 2.7. Spectra of a) PVA and b) PVA/SWNT 4/290 drawn fibers with IR 
polarization angles of 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 85, and 90° from the fiber axis. 
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2.3.4. SWNT Influenced Molecular Orientations 
2.3.4.1. Orientation of Embedded SWNTs 
 The Raman G+-band intensities for SWNT orientation, as fitted with Equation 
(2.4), were shown in Figure 2.8.  The Gaussian fit parameters, which describe the 
alignment of embedded SWNTs, were listed in Table 2.4.  The orientation of embedded 
SWNTs had increased with consecutive stages of drawing, as noted by decreasing values 
of w.   
 
Figure 2.8. Polarized Raman of PVA/SWNT fibers a) SWNT G+-band intensities as a 
function of Raman polarization angles for samples having different DR values, and b) 
Raman spectra for S4/290 fiber at polarization angles of 0, 30, 60, and 90°.  
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Table 2.4.  PVA and SWNT Orientation Parameters. 
 
 
Total Draw Stages/ Final 
Draw Temp (°C) 






 (X) 4.1 5.2 7.5 
φf  
b) 
(µm) 25 23 19 
fb 
c)








 DR (X) 3.7 4.5 7.3 
φf  (µm) 29 24 24 
fb 0.77 0.87 0.87 
w
 d)
 (°) 71 62 37 
 
a) DR = cumulative heat draw ratio, b) φf = the diameter of drawn fiber according to 
density measurements, c) fb = PVA b-axis orientation per WAXD, and d) w = the full 
width at half maximum and the orientation parameter of embedded SWNTs by Raman 
spectroscopy. 
 
2.3.4.2. Orientation of PVA Chain Conformations   
 The alignment of crystalline and amorphous chains at various values of DR, as 
characterized by polarized IR spectroscopy, was shown in Figure 2.9.  Polarized IR 
absorbance from 1132-1146 cm-1 and 1071-1095 cm-1 for crystalline and amorphous 
conformations, respectively, were normalized by the peak intensity at 0° polarization.  As 
expected, the IR data in Figure 2.9a was in qualitative agreement with the WAXD data in 
Table 2.4.  Overall, crystalline PVA was oriented along the axes of control and composite 
fibers.  The misalignment of crystalline chain conformations within PVA/SWNT S4/290 
fiber was believed to have reduced the tensile strength of that fiber in comparison to  that 
of PVA/SWNT S3/200 fiber.  The alignment of amorphous PVA in both the control and 




Figure 2.9. Polarized IR of a) crystalline and b) amorphous conformations of PVA. 
 
2.3.4.3. Orientation of Pendant Hydroxyl Groups 
 The orientation of PVA hydroxyl groups was investigated from strong -OH 
absorbance peaks at 3320 cm-1 (Figure 2.7).[116]  It is noteworthy to mention that the 
breadth of this -OH absorbance peak was influenced by hydrogen bonding.[118]  The 
stretching vibration for pendant hydroxyl groups was normalized by the highest polarized 
peak intensity and plotted as a function of polarization angle (Figure 2.10).  This data has 
shown the greatest alignment of hydroxyl groups to occur within PVA/SWNT fibers.  
Since neat PVA fibers were shown to possess the greatest amount of axially aligned 
crystalline conformations with DR (Figure 2.9), differences between the preferential 
alignment of hydroxyl groups within neat and composite fibers were attributed to SWNT 




Figure 2.10.  Orientations of hydroxyl and carbonyl functionalities within PVA and 
PVA/SWNT fibers. 
 
The quantitative effects of SWNT incorporation on the preferential alignment of 
hydroxyl and other functional groups were described as the fraction of molecular 
moieties, x(θ), that were preferentially aligned either parallel (θ=0°) or perpendicular 
(θ=90°) to the fiber axis (Equation 2.6).[105]  The value of  D (in Equation 2.4) for PVA 
S2/160 fiber was 0.945, because A0°<A90°,  the fraction of groups that were perfectly 
aligned in parallel with the fiber axis, x(0°), could not be calculated (see Equation 2.6).  
Among PVA S3/200 drawn fibers, 3% of the hydroxyl groups were aligned in parallel to 
the fiber axis.  The fraction of hydroxyl groups that were aligned in parallel to the fiber 
axis of PVA S4/290 fiber was negligible (Table 2.5).  In contrast, the fraction of hydroxyl 
groups that were perfectly aligned in parallel to the fiber axes of PVA/SWNT fibers had 
increased from 1 to 10% with increasing DR.   
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Hydroxyl Carbonyl H-O-H Sulfoxide 
x(0°) 
b)




 4.1 - 5.5% 1.5% 2.3% 
5.2 3.3% 9.1% 1.0% 9.8% 
7.5 0.0% 7.8% - 4.8% 
 
DR 
Hydroxyl Carbonyl H-O-H Sulfoxide 
x(0°) x(90°) 
c)









3.7 1.4% 19% 37% 1.6% 
4.5 4.3% 23% 41% 4.7% 
7.3 9.8% 21% 43% 7.2% 
 
a) DR = cumulative heat draw ratio, b) x(θ=0º) = the fraction of groups perfectly aligned 
along the fiber axis, and c) x(θ=90º) = the fraction of groups perfectly aligned normal to 
the fiber axis. 
 
 Non-covalent bonding between hydroxyl groups and SWNTs would account for 
the anisotropy of hydroxyl groups about the fiber axes of PVA/SWNT fibers.  SWNTs 
were expected to interact with pendant hydroxyl groups and form electron donor-acceptor 
(EDA) complexes, because lone pair electron donors (such as on hydroxyl groups) are 
capable of interacting with the π-bonds of aromatic compounds.[126]   Weak hydrogen 
bonding could also occur between the hydroxyl groups and π-bonds of SWNTs.[126-128]   
The energy minimization of PVA oligomer 1,3,5-hexane triol in the presence of metallic 
SWNTs supported the feasibility of having hydroxyl groups adjacent to the SWNT 
surface.  The atomistic model of pendant PVA hydroxyl groups in the vicinity of SWNT 
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was shown in Figure 2.11a.  The modeling study confirmed electron charge transfer from 
the PVA oligomer to the SWNT. 
2.3.4.4. Orientation of Carbonyl Moieties   
 Molecular absorbance from pendant carbonyl acetate groups (1721 cm-1) 
exhibited similar dependency with IR polarization angle as the stronger carbonyl peak at 
~1714 cm-1 coming from acetic acid (Figure 2.7).  Therefore, the preferential alignment 
of carbonyl groups was characterized using the ~1714 cm-1 peak (Figure 2.10).  The 
absorbance intensities for carbonyl moieties were normalized by the highest polarized 
peak intensity.  Carbonyl stretching vibrations within the control PVA fibers were 
directed in parallel to the fiber axis upon drawing.  The alignment of carbonyl moieties 
within drawn PVA/SWNT fibers had changed by 90° in comparison to their alignment 
within PVA fibers.  At most, 9% of these carbonyl moieties aligned along the axes of 
control PVA fibers, but ~20% of the carbonyl moieties had aligned normal to the 
PVA/SWNT fiber axis (Table 2.5).   
 
Figure 2.11.  Atomistic models of (6,6) CNT with aligned PVA groups in: a) PVA 
oligomer 1,3,5-hexane triol and b) PVAc oligomer 1,3,5-hexane triacetate.   
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Non-covalent interactions between SWNTs and carbonyl moieties were believed 
to have caused the preferential alignment of those moieties normal to the fiber axis.  The 
carbonyl moieties of acetate side groups were expected to respond to SWNT 
incorporation just as acetic acid carbonyl groups.  DMol3 analysis affirmed non-covalent 
binding between pendant acetate groups of the PVAc oligomer and SWNTs.  Carbonyl 
moieties were directed toward the surface of the SWNT, and charge transfer had persisted 
from 1,3,5-hexane triacetate to SWNT.  The molecular modeling and IR analysis have 
implied the formation of EDA complexes via the carbonyl oxygen.  The DMol3 model of 
this behavior was presented in Figure 2.11b.  Therefore, the alignment of acetate side 
groups has also responded to the aligning of embedded CNTs. 
2.3.4.5. Orientation of Imbibed Water   
 The orientation of water molecules was characterized by the IR polarization of the 
~1660 cm-1 peak; polarized intensities were normalized by the highest intensity peak.  H-
O-H bending peaks from control PVA fibers were mostly independent of DR.  Intensity 
ratios were above 0.9 for all the polarization angles (Figure 2.12).  However, the 
preferential alignment of water molecules was very evident in the SWNT containing 
fibers.  The x(θ=90°) for H-O-H bending in PVA/SWNT fibers was in the range of 37 to 
43% (Table 2.5).  The binding energies for water bending, where either the oxygen atom 





Figure 2.12. Polarized IR intensities of solvent molecules in PVA and PVA/SWNT 




Figure 2.13. Water bending vibrations normal to the SWNT fiber axis, where hydrogen 
atoms are a) adjacent to or b) away from the SWNT axis.  
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2.3.4.6. Orientation of Imbibed DMSO   
 IR absorbance peaks for DMSO sulfoxide groups were deconvoluted in the range 
of 1014-1025 cm-1.  This frequency range was indicative of O-coordination between 
DMSO and proton donors.  Sulfoxide groups were preferentially aligned in parallel with 
the fiber axes of neat PVA fibers (as shown in Figure 2.12).  The fraction of complexed 
sulfoxide groups, which were perfectly parallel to the fiber axis had increased from 2 to 
10% as DR increased from 4.1 to 5.3 X (i.e. from S2/160 to S3/200 drawing).  The 
fraction of axially aligned sulfoxide groups had decreased upon S4/290 drawing although 
the DR increased from 5.3 to 7.5 X.  PVA hydroxyl groups were misaligned during the 
process of S4/290 drawing (shown in Figure 2.10), which could account for the 
misalignment of non-covalently bonded groups.[129]  Sulfoxide groups of DMSO 
exhibited alignment that was normal to the PVA/SWNT fiber axis (Figure 2.12); this was 
attributed to the charge transfer between SWNTs and DMSO.   
2.4. Conclusions 
 According to thermo-mechanical plots of fiber shrinkage, SWNTs had hindered 
the thermal shrinkage of the matrix polymer at high temperatures.  This behavior was 
attributed in part to the dispersion and adhesion of SWNTs within the matrix polymer.  
Polarized IR spectroscopy was used to observe the influence of SWNTs on the 
preferential alignment of polymer side groups and solvent within drawn fibers.  The 
preferential alignment of ~10% of the PVA hydroxyl groups was influenced by the 
presence of 1 wt.% SWNTs in the fiber.  The remainder of the polymer functional groups 
had resided within the bulk crystalline and amorphous regions of the polymer making 
them inaccessible to SWNT.  The exfoliation, dispersion, and weight fraction of SWNTs 
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should be optimized to increase the molecular interaction between PVA and SWNTs.  
Additionally, the drawing of composite fibers was shown to aid the charge transfer 
between solvent molecules and SWNTs and the ordering of solvent molecules along 
SWNTs.  About 40% of the water molecules within the composite fibers had exhibited 
preferential alignment.  The SWNT-induced alignment of water molecules was believed 
to form an interphase of water along SWNTs.  The presence of low molar mass 
impurities (water, acetic acid, DMSO, etc.) on the SWNT surface would negatively affect 
the interfacial adhesion between PVA and SWNTs.  Therefore, the removal of such low 
molar mass impurities will be important for making mechanically robust polymer/CNT 
composites.     
 The temperature of 290 °C has enabled the drawing of PVA and PVA/SWNT 
fibers to DR values of 7.5 and 7.3 X, respectively; however, the misalignment of polymer 
conformations may also occur.  The relaxation and melting of crystalline PVA can occur 
if fiber is not held under sufficient tension at temperatures ≥Tm or if the polymer is 
exposed to such high temperatures for too long.[35]  The method of gel aging was 
proposed as a technique for enhancing the DR of PVA/CNT fibers at temperatures less 
than Tm.  The preparation of CNT dispersions for the gel aging study was discussed in 
Chapter 3; the structure/property/processing relationships for the prepared PVA/CNT 




KINETIC MECHANISMS OF GEL CRYSTALLIZATION WITHIN 




The goal of this study was to determine the effects of CNTs on the cryo- 
transformations of PVA gel crystallization and solvent freezing per thermal analysis.  
Homopolymer solutions of PVA were prepared at concentrations that were appropriate 
for gel spinning fibers, as discussed in Chapter 4.  PVA/CNT dispersions were prepared 
to contain the same weight percent of polymer and 80/20 (v/v) DMSO/water as in the 
neat solutions of PVA.  CNT-dispersions must also undergo the process of sonicating 
CNTs with PVA to disperse them within the concentrated solutions of polymer.  The 
molecular structure and physical properties of CNTs are dissimilar from that of the 
polymer; therefore, the incorporation of CNTs is believed to influence the gelation of 
hybrid spinning dopes.  Such changes to the nucleation-and-growth behaviors of gel 
crystallization and solvent freezing may also influence the process of gel-spinning PVA 
and the microstructure of the resulting fiber.           
The presence of CNTs has been shown to influence the nucleation-and-growth of 
PVA crystals within supercooled melts[94] and the gelation of UHMWPE [96] (which 
were previously discussed in the Introduction).  In the work by Minus, solvent freezing 
was reported to turn gels brittle and to reduce the drawability of the as-spun gel fiber 
within the spinning bath. [42]     Further, PVA gels containing 1 wt.% SWNTs were 
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prone to solvent freezing when submerged into MeOH at -25 °C although neat PVA gels 
would not exhibit solvent freezing even at -40 °C.[42]     
  Just as SWNTs could nucleate solvent freezing within PVA gel, they may also 
nucleate the growth of gel crystals, and the nucleation of gel crystals by CNTs could in 
turn influence the structure of the polymer gel.  Nevertheless, this study will focus on the 
use of DSC to characterize the nucleation-and-growth mechanisms of gel crystallization 
and solvent freezing within PVA/CNT dispersions.  Chapter 4 will explore the effects of 
aging time on the microstructures of PVA and PVA/CNT gels and drawn fibers.    
Ideally, the method for analyzing thermal data should yield information about the 
kinetics and mechanisms of transformation.  An isoconversional analysis of thermal data 
was chosen for this study, because it has been used to analyze complex transformations; 
such as epoxy curing,[130] drug crystallization,[131] and the gelation of aqueous 
gelatin[132] from DSC data.  According to the isoconversional approach, mechanisms of 
complex transformation could be deduced from plots of the effective activation energy 
(Eα), wherein activation energy varies with conversion (α).[130, 132]  The DSC study of 
epoxy-amine curing had attributed discontinuous trends in Eα to distinct pathways for 
solid state transformation[130].  The Eα plots, from supercooled gelatin upon heating, 
were fitted with the modified Fisher-Turnbull model, and the findings had shown that 
gelation constrained the molecular diffusion of polymer chains.[132]  Therefore, the 
isoconversional analysis of DSC data may also provide useful information about the 
kinetics of solution to gel conversion within filled systems.   
Since the processes of molecular crosslinking[132] and fillers[45] may influence 
the molecular mobility of polymer chains during cryo-transformation, changes in 
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conformational entropy were calculated from values of dEα/dTα.[133-135]  Experimental 
models of transformation (g(α) as determined by the isoconversional approach) were 
fitted to a suitable model, so that the kinetics of solid state transformation could be 
described.  The cryo-transformations and RT rheology of PVA and PVA/CNT 
dispersions were also investigated as a function of annealing temperature (Tanneal); 
wherein samples were annealed at 10, 25, and 50 °C below their clearing temperature of 
80 °C.   
3.2. Experimental Section 
3.2.1. Sample Preparation 
 PVA solutions and PVA/CNT dispersions were made for this study.  PVA 
powders, having two different values of DPw ± 15% were obtained from Kuraray.[136]  
PVA homopolymer, having a DPw value of 10,000, was termed PVA-10000.  PVA 
homopolymer, having a DPw value of 4,000, was termed PVA-4000.  The hydrolysis 
values of these aPVA polymers were 98%.  CNTs of SWNTs and FWNTs were obtained 
from CNI.  SWNTs from lot# P0247 had a purity that was > 98%, and FWNTs from lot# 
X0122UA had a purity of 99%.  The mixture of DMSO and distilled water was used to 
dissolve polymer and disperse CNTs.   
 PVA was dissolved in 80/20 (v/v) DMSO/water at ≈85 °C and under constant 
stirring for several hours.  The solution of 4 wt.% PVA-10000 was termed 4P10000.  The 
solution of 10 wt.% PVA-4000 was termed 10P4000.  PVA/CNT dispersions were also 
prepared to have the same weight percent of polymer, 80/20 (v/v) DMSO/water, and 
~0.25 wt.% CNTs.  The PVA/SWNT dispersion was prepared from PVA-10000 and was 
70 
termed PS4P10000.  The PVA/FWNT dispersion was prepared from PVA-4000 and was 
termed PF10P4000.   
 The sonication of CNTs in the presence of dissolved polymer was used to 
disperse CNTs within concentrated solutions of PVA.  Since sonication is known to 
reduce the average length of CNTs in solvent,[65, 137] sonication could have reduced the 
DPw value of polymer.  For this reason, a shorter sonication time was applied to the CNT 
dispersion of PVA-4000 than to the dispersion of PVA-10000 polymer.    
 Sample PS4P10000 was a dispersion of 99.75:0.25 PVA/SWNT; it was prepared 
from a dispersion of PVA/SWNT/DMSO and a PVA/DMSO/water solution.  17.63 mg 
SWNTs were dispersed in 100 ml DMSO and then sonicated for 4 hrs in a Branson 3510 
(42 kHz and 100 W) bath sonicator to prepare the PVA/SWNT/DMSO dispersion.  3.5 g 
PVA was dissolved in 150 ml of DMSO at 60 °C and under constant stirring.  This 2 
wt.% PVA solution was then added to the SWNT/DMSO dispersion and later sonicated 
for 20 hrs.  180 ml DMSO were removed from the PVA/SWNT/DMSO dispersion with 
vacuum distillation to achieve the desired concentration of polymer.  3.8 g of PVA were 
dissolved in 34 ml of distilled water and 68 ml of DMSO at ≈85 °C under constant 
stirring.  The PVA/SWNT/DMSO dispersion was gradually added to the 3.4 wt.% PVA 
solution in DMSO and water.   
 Sample 10P4000 was a dispersion of 99.76:0.24 PVA/FWNT; it was prepared 
from a dispersion of PVA/FWNT/DMSO and a PVA/DMSO/water solution.  The 
FWNT/DMSO dispersion (of 52 mg FWNTs per 250 ml DMSO) was sonicated for 26 
hrs before adding the PVA/DMSO solution (of 11 g PVA per 300 ml DMSO).  
Afterwards, the PVA/FWNT/DMSO dispersion was sonicated for 8 hrs.  460 ml of 
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DMSO were removed by vacuum distillation to prepare the concentrated dispersion of 
FWNTs.  11 g of PVA were dissolved in 90 ml of DMSO and 35 ml of water to prepare 
the PVA solution.  The FWNT dispersion was gradually blended into PVA solution.  
 A blend of PVA polymers, having two different values of DPw, was prepared to 
model the effects of polymer blending on cryo-transformations.  The blend of 4wt.% 
PVA was comprised of 2 wt.% PVA-10000 and 2 wt.% PVA-4000; therefore this sample 
was termed 4PBlend.  To prepare 4PBlend, polymers were dissolved in 80/20 (v/v) 
DMSO/water at ≈85 °C for several hours. 
  3.2.2. Viscosity Measurements 
The effect of sonication time on the value of DPw for PVA polymers was 
estimated from measurements of kinematic viscosity (υ), which is a function of capillary 
elution time (t) and constant C (Equation 3.1 from ASTM D446-07 and D445-11a).   
υ=t·C        (3.1) 
Samples were prepared from 0.5 g PVA dissolved in 100 mL DMSO at ≈85 °C.  
PVA/DMSO solutions were sonicated for 0-48 hrs.  Prior to capillary testing, the samples 
were conditioned at 40 °C.  Flow times were recorded from the Ubbelohde viscometer 
(size #1 having C=0.01 mm2/s2) at 31 °C.  This viscometer was appropriate for 
measurements of  2 ≤ υ≤ 10 mm2/s2 (ASTM D446-07). 
The complex viscosity (η*(ω)) of PVA solutions and PVA/CNT dispersions were 
measured using an ARES Rheometric Scientific rheometer equipped with a parallel plate 
fixture.  Samples were conditioned at 80 °C for 1 hr (to erase thermal history) and 
annealed in an oven for two hrs (at 30 °C, 55 °C, and 70 °C).  Oven temperatures had 
decreased to the desired temperature within a period of 30 min.  After annealing, samples 
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were stored at RT (23 ± 2 °C) for 2 hrs prior to testing.  Once loaded with sample, the 25 
mm in diameter rheometer plates were set at a gap width of 1 mm.  The edges of exposed 
sample were coated with a thin layer of silicon oil to prevent the loss of solvent.  
Dynamic measurements were conducted with angular frequencies of 1 rad/s to 300 rad/s 
at 5% strain amplitude, which was in the linear viscoelastic region.  The average complex 
viscosities from two measurements were reported and fitted with the modified Carreau 
model (Equation 3.2) by adjusting the following parameters: η0 (zero shear viscosity), λ 
(characteristic time of molecular chain relaxation), γ&  (shear strain rate), b (breadth of 
linear elastic region), and m (negative slope of the shear thinning regime).[138]     
( ) ( )[ ] bmb* −+= γληωη &10       (3.2) 
3.2.3. DSC  
 The cryo-transitions of PVA/CNT dispersions were measured using MDSC on the 
Q200 instrument (TA Instruments).  PVA/CNT dispersions, having sizes ranging from 7-
13 mg, were hermetically sealed in aluminum T-zero pans (TA Instruments).  The DSC 
sample chamber was purged with nitrogen gas at 50 ml/min.  Samples of homopolymer 
PVA, PVA/CNT dispersions, and blended PVA were equilibrated to 80 °C for 30 min 
and cooled to annealing temperatures of 30, 55, or 70 °C within 1, 0.5, and 0.2 min, 
respectively.  After 2 hours of annealing, samples were cooled at the desired cooling rate 
of 1, 2, and 5 °C/min.  The cryo-transformation of dispersion PS4P10000 annealed at 70 
°C and 5 °C/min required cooling beyond the limits of the DSC cooling accessory (which 
was -90 °C); therefore, cooling rates of 1, 2 and 3 °C/min were used to characterize that 
sample. 
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A minimum of three heating rates were necessary to calculate Eα using the first 
order maximum rate equation (Equation 3.3):[130, 139] Eα (kJ/mol) was the effective 
activation energy with conversion (α), Aα was the effective pre-exponential factor or the 
cumulative frequency of transforming interactions, βi equaled the heating rate (K/min), 
Tα,i was the temperature (in Kelvins, K) at α and βi, and the gas constant (R=0.008314 
kJ·mol-1·K-1).  The value of Eα was determined from the slope of ln(βi/Tα,i 
2) versus 1/ 





































β αlnln      (3.3) 
 The values of βi, Eα, and Aα were used to calculate the values of the experimental 
transformation model (g(α) in Equation 3.4), which provided a relationship between the 
effective Arrhenius parameters (Eα and Aα), heating rate (β), temperature (Tα), and the gas 
constant (R).[140]  The kinetics of the experimental transformation model was 
determined from the fit parameters of a known model for solid state transformation.[140]  
Origin Pro 8.5.1 was used to determine fit parameters. 






















αg αexp      (3.4) 
 The value of Aα was derived from the iso-kinetic relationship (IKR in Equation 
3.5).[140-141]  According to IKR, the logarithm of parameter Aα is a function of 













lnln       (3.5) 
 80/20 DMSO/water (v/v) mixtures, having sample sizes of 13-25 mg, were 
hermetically sealed in aluminum T-zero pans (by TA Instruments).  The DSC sample 
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chamber was purged with nitrogen gas at 50 ml/min.  The freezing and melting behaviors 
of the DMSO/water solvent system were characterized with MDSC, over 3-4 runs and at 
rates of 1-5 °C/min.  MDSC runs at rates of 1, 2, 3 and 5 °C/min had corresponding 
modulation amplitudes of ± 0.16, 0.32, 0.48, and 0.80 °C/min.   
3.3. Results and Discussion 
3.3.1. Sample Characterization at RT 
3.3.1.1. DPw Related Elution Time for Sonicated Polymer  
As described in the Experimental Section, CNTs were dispersed in DMSO using 
PVA polymer and sonication. According to Zhang et al, this method of preparing a 
PVA/CNT dispersion produces an optically homogeneous dispersion of CNTs within a 
mixture of DMSO and water;[99] nevertheless, sonication of the PVA/CNT/DMSO 
dispersion may reduce the DPw of polymer, which is related to polymer viscosity.  
Surawut et al. sonicated carbon black (CB) in aqueous PVA (having a DPw of 1,600) for 
10 min to prepare dispersions for electrospun mats.  Brookfield viscometer measurements 
of sonicated PVA/CB dispersions, sonicated PVA in solution, and unsonicated PVA in 
solution had shown the viscosity values from the sonicated sample of aqueous PVA and 
the PVA/CB dispersions (of up to 10 wt.% in loading) to be lower than the viscosity of 
unsonicated PVA.   
The relationship between sonication time and capillary elution time was used to 
estimate the relative DPw of polymers in this study.  ASTM D2502-04 “Standard Test for 
Estimation of Mean Relative Molecular Mass of Petroleum Oil from Viscosity 
Measurements” has been used to estimate the molecular mass of petroleum oil from 
kinematic viscosity measurements that were taken at 38 °C and 100 °C.  ASTM D2502-
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04 consists of tabulated data that were obtained from numerous experiments and were fit 
to mathematically expressions.[142]  Solutions of 0.45 wt.% PVA-10000 in DMSO and 
0.45 wt.% PVA-4000 in DMSO were sonicated and tested with an Ubbelohde 
viscometer.  The elution times for unsonicated PVA-10000 in DMSO and unsonciated 
PVA-4000 in DMSO were proportional to their values of DPw (Table 3.1).  Therefore, 
elution times were used to estimate the relative DPw of sonicated polymers.  
Measurements of elution time implied that the DPw of PVA-10000 was reduced by 22% 
after 20 hrs of sonication, and the DPw of PVA-4000 was reduced by 15% after 8 hrs of 
sonication.  
 
Table 3.1. Relative DPw of Dilute PVA/DMSO Solution (0.45 wt.% PVA) at 31 °C 


























 0 16.15 9.69 10,000 9,627 
20 12.65 7.59 7,832 7,540 










0 6.71 4.03 4,154 4,000 
8 5.69 3.41 3,523 3,391 
24 5.28 3.17 3,269 3,147 
48 4.95 2.97 3,065 2,950 
 
Relative DPw = the relative weight average degree of polymerization based on the ratio of 
υ for sonicated and unsonicated reference polymers.   
 
3.3.1.2. DPw of Polymers within CNT Dispersions 
 According to Figure 3.1, the values of η*(ω) for CNT/polymer dispersions 
(PS4P10000 and PF10P4000) were lower than the values reported for homopolymer 
solutions (4P10000 and 10P4000) that were composed of the same weight fraction of 
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polymer.  As reported in Table 3.1, sonication reduced the values of elution time, which 
is related to DPw.  Therefore, the blending of sonicated polymer into unsonicated polymer 
had caused the low values of η*(ω) to be observed among the CNT/polymer dispersions. 
 The rheological effects of blending two polymers, having different values of DPw 
but the same weight percent of polymer, were observed with sample 4PBlend.  As a 
result of blending PVA-10000 with PVA-4000, the values of η*(ω) for sample 4PBlend 
were lower than those values reported for sample 4P10000.  The DPwb value for blended 
polymers within sample 4PBlend was calculated according to Equation 3.6.[143] 
 21 w2w1wb PDwPDwPD ⋅+⋅=        (3.6) 
 
 
Figure 3.1. Rheology of PVA solutions and PVA/CNT dispersions heated to 80 °C for 1 
hr, cooled to Tanneal=30, 55, and 70 °C for 2 hrs (where each color represents an annealing 
temperature), and conditioned at 22 ± 3 °C for 2 hrs prior to testing. 
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  Sonicated PVA/CNT/DMSO dispersions contained 1.3 wt.% PVA-10000 and 1.8 
wt.% PVA-4000.  Equation 3.2 was used to determine the relative DPwb of CNT 
dispersions that were comprised of sonicated and unsonicated polymer.  Sonicated 
polymers within the PVA/CNT/DMSO dispersions were assumed to have the same 
relative DPw values as those polymers within 0.45 wt.% PVA/DMSO solutions that were 
sonicated for similar periods of sonication time (Table 3.1).  The estimated values of 
relative DPwb for polymers within the PVA/CNT dispersions were reported in Table 3.2. 
 
Table 3.2. Rheology of PVA Solutions and PVA/CNT Dispersions. 
 Sample 
Designation 




























4P10000 10,000 20.5 0.0223 1 0.577 1.000 1.6 1.000 
PS4P10000 8,900 4.3 0.0076 1 0.600 0.997 1.5 1.000 
4PBlend 7,000 2.7 0.0058 1 0.658 0.998 1.5 0.999 
10P4000 4,000 20.1 0.0049 1 0.844 0.999 1.7 1.000 
PF10P4000 3,700 8.4 0.0038 1 0.991 0.999 1.7 0.997 
 
Samples were conditioned at 80 °C for 1 hr, followed by 2 hrs at 30 °C, and then RT for 
2 hrs prior to testing. a) DPw or DPwb = weight average degree polymerization for 
homopolymer and blended polymer, respectively b)η0 = experimental zero shear 
viscosity, c) λ = characteristic time of polymer relaxation, d) m = slope of shear thinning 
behavior, e) b = breadth of linear elastic region, f) R2 = ‘goodness of fit’ parameter.  The 
slope of logarithmic G′(ω)/G″ (ω), was linear over two orders of angular velocity.   
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3.3.1.3. Complex Viscosity of PVA Solutions and CNT Dispersions 
 The complex shear viscosities of PVA solutions and CNT/polymer dispersions 
were independent of annealing temperature, as illustrated by the overlapping data points 
in Figure 3.1.  The repeatability of these curves[144] at RT further suggests the bulk 
morphologies of these samples (of homopolymer, blended polymer, and CNTs) were 
uniform.  Table 3.2 shows the properties of test samples annealed at 30 °C prior to 
testing.  Insight into the spatial heterogeneity of polymeric solutions can be inferred from 
the slopes of shear storage modulus, G′(ω), plotted against shear loss modulus, G″(ω), for 
several magnitudes of angular velocity.[145]  Slopes having values lower than two 
signify microscopic heterogeneity.[145]  All the samples used within this study had 
similar levels of spatial heterogeneity,[145-146] where G′(ω)/G″(ω)≈1.5 in Table 3.2.   
 In this study, PVA/CNT dispersions (having ~0.25 wt.% CNTs) had RT 
rheological behaviors that were dominated by the characteristics of the matrix polymer, 
as observed in the case of measuring G′(ω)/G″(ω).    Each sample of PVA and PVA/CNT 
was also shown to exhibit a value of m=1 (in Table 3.2); these values have suggested that 
the molecular interactions between solvated polymer chains[138] were all similar, and m 
was dominated by the behavior of matrix polymer.   
 The value of η0 was calculated according to the modified Carreau model 
(Equation1)[138].  Samples of 4P10000 and 10P4000 had values of η0≈20 Pa·s at RT 
(Table 3.2).  The weight fractions of PVA-10000 and PVA-4000 within these 
concentrated samples of polymer were chosen so as to gel-spin fibers, having fairly 
circular cross sections (see Chapter 4).  The η0 value for PS4P10000 was lower than the 
η0 value reported for 4P10000 although fillers have been known to increase the viscosity 
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of matrix polymer[45].  The η0 value for PF10P4000 was also shown to be lower than the 
η0 value reported for 10P4000.  According to Huang et al., the dynamic viscosities of 
MWNT/polydimethylsiloxane dispersions that were produced with high speed mixing, 
were higher than the values of unfilled polymer mixed under similar conditions.[144]  
The η0 for sample 4PBlend was also lower than the value reported for sample 4P10000.  
Therefore, the values of DPwb have also influenced the η0 of CNT dispersions.   
  Trends pertaining to λ and b were mostly influenced by DPw.  For instance, the 
blending of PVA-4000 with PVA-10000 within sample 4PBlend has resulted in a λ that 
was lower than the value observed for sample 4P10000.  Sample PS4P10000 also had a 
shorter value of λ than sample 4P10000; this was due to the blending of sonicated 
polymer with PVA-10000.  The values of each sample’s λ for molecular relaxation 
decreased with smaller values of DPw (Table 3.2).  The breadth of the linear elastic 
region for 10P4000 was broader than the region of linear elasticity as depicted for 
4P10000 (Figure 3.1 and Table 3.2); this is a common trend for DPw dependent 
η
*
(ω).[147]  Further, the parameter b became increasingly larger as the DPw had 
decreased across all samples of PVA and PVA/CNT (Table 3.2).    
3.3.2. Cryo-gelation of PVA Solutions 
 Heating and cooling thermograms of PVA solutions and dispersions, taken at 2 
°C/min, were given in Figure 3.2.  Exothermic transitions occurred upon cooling (in 
Figure 3.2a,b,d).  The exothermic transition from sample 4P10000 occurred between -32 
and -42 °C; whereas exothermic transitions from sample 10P4000 occurred at even lower 
temperatures, between -45 and -57 °C.  The cryo-transformation of 4PBlend, upon 
cooling, was shown to occur between -42 and -50 °C (Figure 3.2d).   
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Figure 3.2. Hermetically sealed 80/20 DMSO/water, PVA/CNT dispersions, and PVA 
solutions containing a) PVA-10000 and b) PVA-4000 for Tanneal=30, 55, and 70 °C prior 
to 2 °C/min cooling, c) their exothermic transitions upon 2 °C/min heating for Tanneal=30 
°C, d) thermograms of 4PBlend at 2 °C/min cooling from annealing temperature.  
 
Sample 4P10000 exhibited cooling enthalpies (of ~90 J/g at 2 °C/min) that were 
considerably more than the enthalpy values from 10P4000, 4PBlend, and solvent freezing 
(Table 3.3).  Gel crystallization was believed to occur within sample 4P10000, because 
its enthalpy of transformation was much greater than the enthalpy of solvent freezing 
(Table 3.3 and 3.4).  The enthalpy of freezing 80/20 (v/v) DMSO/water was ~41 J/g 
(Table 3.4) and the enthalpy of fusion for crystalline PVA was 156 J/g.[148]   
Upon heating at 2 °C/min, the peak endothermic temperature for sample 4P10000 
had occurred at higher temperatures than those observed for 10P4000 and 4PBlend 
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(whose bulk temperatures occurred at ~-25 °C in Figure 3.2c).  A small high temperature 
melting peak (near -20 °C) occurred along the dominant endothermic peak of sample 
10P4000.  A similar high temperature transition was not observed for sample 4PBlend 
(Figure 3.2c).   
 
Table 3.3. Effects of Annealing Temperature on the Cryo-behaviors of Hermetically 












 Texo ∆H Texo ∆H 








 1  -32 118 -35 121 -37 121 
2 -34 97 -34 91 -39 92 










 1 -70 38 -67 35 -69 36 
2 -69 35 -73 36 -72 36 
3 
†
 or 5 
‡
  -71








 1 -49 35 -51 38 -48 36 
2 -50 36 -50 37 -50 36 










 1 -40 31 -46 41 -43 36 
2 -47 39 -47 42 -46 40 







 1 -44 52 -46 58 -44 54 
2 -46 46 -44 44 -46 46 
5  -49 45 -49 44 -44 38 
 
a) Tanneal = annealing temperature, b) Texo = temperature peak for an exothermic 
transformation, and c) ∆H = enthalpy of the exothermic transformation.   
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(°С) (J/g) (°С) (J/g) (°С) 
1 °С/min -53 ± 5 50 ± 11 -32 ± 2 44 ± 4 21 ± 5 
2 °С/min -55 ± 4 45 ± 10 -34 ± 3 41 ± 5 21 ± 4 
3 °С/min -54 ± 3 41 ± 5 -32 ± 1 40 ± 3 23 ± 4 
5 °С/min -55 ± 1 43 ± 1 -29 ± 1 38 ± 3 26 ± 0 
 
a) Tf = temperature of solvent freezing, b) ∆Hf = enthalpy of freezing, c) Tm = solvent 
melting upon heating, d) ∆Hm = enthalpy of melting, and e) ∆T = difference between 
peak temperatures of solvent freezing and solvent melting. 
 
Homopolymer PVA solutions exhibited exothermic behaviors upon heating, 
which occurred at temperatures higher than those observed for 80/20 DMSO/water 
(Figure 3.2c and Table 3.4).  Therefore, the high temperature melting, as observed within 
PVA solutions, was attributed to PVA gelation.  The endothermic peak profiles for PVA 
solutions, in comparison to the profile for DMSO/water, also inferred the likelihood of 
solvent melting in the range of -25 to -80 °C (Figure 3.2c and Table 3.3).  These factors 
gave ample reason to believe that singular exothermic peaks, as observed upon cooling, 
could actually represent multiple transformations (such as polymer gelation and solvent 
freezing)[18]. 
The endothermic peak for sample 4P10000 (in Figure 3.2c) was suggestive of 
high melting temperature gel crystals.  Gel melting within 4P10000 occurred at higher 
temperatures than those observed for sample 10P4000 and 4PBlend.  Chain segments 
within 4P10000 may have more readily aggregated to form gel crystals than the lower 
DPw polymer of 10P4000 at low temperatures.  Double endothermic peaks were observed 
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upon heating 10P4000.  A phase of larger crystals has been attributed to peak of high 
melting temperature.  Interestingly, the blending of polymer (as in sample 4PBlend) had 
inhibited the growth of high melting temperature gel crystals (Figure 3.2d).  Gel 
crystallization appeared to be dominated by the nucleation-and-growth of 10,000 DPw 
polymer, as inferred from the heat capacity measurements of cooling 
thermograms(Figure 3.2c).  The exothermic transformation of PVA-10000 in 4Blend 
occurred at lower temperatures than within homopolymer sample 4P10000. 
3.3.3. Cryo-gelation of PVA/CNT Dispersions 
The exothermic transformation of sample PS4P10000 (Figure 3.2a) occurred at 
temperatures (-62 to -78 °C) that were much lower than those observed from sample 
4P10000 (-32 to -42 °C) and sample 4PBlend (-42 to -49 °C) although the value of DPwb 
for PVA in PS4P10000 was between the values of DPw(b) for both solutions.  The cooling 
and heating of sample PS4P10000 resembled the freezing and melting of the binary 
solvent system (Figure 3.2a,c).  Therefore, the temperature of solvent freezing has been 
depressed within sample PS4P10000, and the formation of gel crystals has been 
suppressed.  In contrast, polymer gelation dominated the subzero transitions of sample 
4P10000.   
In contrast to sample PS4P10000, polymer gelation has occurred upon cooling 
sample PF10P4000.  The onset of cryo-transformation has also occurred at higher 
temperatures for PF10P4000 than for 10P4000 (Figure 3.2b), which suggests the 
incorporation of FWNTs has nucleated cryo-transformation.  Since the bulk of sample 
PF10P4000 melted at ~-25 °C, which is above the transition for solvent melting, the peak 
temperature for endothermic transformation within sample PF10P4000 has been 
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attributed to polymer gelation (Figure 3.2c).  The endothermic transition for 
sample PF10P4000 (in Figure 3.2c) also exhibited two melting peaks for heating rates of 
1 and 2 °C/min.   A similar observation has been reported for the melting of PE and 
PE/MWNTs gels.[96]  The narrow endothermic peak above -20 °C (Figure 3.2c) has 
been attributed to the melting of crystals nucleated by CNTs.  
3.3.4. Cryo-transformation Mechanisms of PVA Solutions 
Figure 3.3 gives an example of curves that have been used to determine the values 
of temperature dependent conversion (αT) for different values of βi.  -Eα values were 
observed from plots of Equation 3.2, as was shown in Figure 3.3b.  Negative values of 
activation energies have also been reported in literature for thermal gelation.[14]   
The plots of Eα (in Figure 3.4) were used to describe transformation mechanisms 
(the trends of several curves have been enlarged within Appendix A), and the direction of 
dEα/dTα values were used to interpret mechanisms of nucleation-and-growth.  For 
instance, solid state crystallization within inorganic materials has occurred by simple 
atomic diffusion when dE/dT=0, from stable nuclei when dE/dT>0, or from local 





Figure 3.3. 4P10000 was annealed at 30 °C for 2 hrs prior to cooling: a) exothermic 
reactions upon cooling at βi=1, 2, and 5 °C/min and b) plots used to determine Eα using 






Figure 3.4. Influence of Tanneal on the values of Eα for PVA solutions and PVA/CNT 
dispersions. 
 
Annealing temperature and DPw did not seem to influence the mechanism of cryo-
transformation within homopolymer solutions; Eα steadily increased with α for these 
samples and dEα/dTα> 0 was observed.  Trends of increasing Eα were characteristic of 
parallel transformations.[133, 149-150]  The term parallel has suggested that several 
kinetic processes can take place independently and simultaneously.[151]  Nevertheless, 
Tanneal did influence the Eα of sample 4P10000 (Figure 3.4).  The values of Eα for sample 
4P10000 became increasingly more negative after annealing at higher temperatures.  The 
Eα values for 10P4000 solutions were less susceptible to the influence of annealing 
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temperature, especially for values of α≥0.3.  Scheme 3.1 has illustrated parallel 
transformations of gel crystallization and solvent freezing within samples of 4P10000 and 
10P4000.  Solvated homopolymer (Phomo) associated at rate constant, k1(T), to nucleate-
and-grow gel (Pgel) at low temperatures.  Further, the liquid solvent system (L) had 










Scheme 3.1. Proposed parallel cryo-transformation pathway for homopolymer PVA 
solutions. 
The subzero conversion of 4PBlend annealed at 30 °C had proceeded by unrelated 
processes of nucleation-and-growth, as was also observed for homopolymer solutions 
(Figure 3.3 and Scheme 3.1).  However, the transformation mechanisms of 4PBlend for 
Tanneal values of 55 and 70 °C differed from the behavior observed for Tanneal=30 °C.  The 
values of Eα at the onset of cryo-transformation- for Tanneal =55, 70 °C- were greater than 
the values observed from homopolymer solutions (4P10000 and 10P4000).  The values of 
Eα at the onset of transformation have implied the heterogeneous nucleation of gel 
crystals, which could occur at the phase boundary of low and high DPw polymer.  
Although the blend of PVA-10000 and PVA-4000 was macroscopically miscible, the 
microscopic phase separation of polymers could have occurred in sample 4PBlend.[45] 
The nucleation-and-growth of crystalline polymer has been reported to occur at 
the interface of phase-separated polymers within a blend.  Zhang et al. proposed the 
mechanism of fluctuation-assisted crystallization to describe the nucleation-and-growth 
of crystallites within a polyolefin blend (of poly(ethylene-co-hexene and poly(ethylene-
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co-butene)).[152]  Nucleation sites for polymer crystallization were concentrated at the 
boundaries of phase separated polymer, according to AFM data.  Further evidence for 
interfacial crystallization was observed in study of UHMWPE blended with branched PE 
by Xu et al., wherein DSC and optical microscopy was used to characterize the behaviors 
of phase separation and polymer crystallization.[20] 
Portions of the Eα plots for 4PBlend, where Tanneal=55, 70 °C prior to cooling, 
were shown to exhibit values of -dEα/dTα with conversion (Figure 3.4).  The transition to 
more negative values of Eα has been associated with the initiation of gel crystals from less 
stable nucleation sites, namely the polymer interphase along phase boundaries.   
Thus, microphase separation within sample 4PBlend (cooled from Tanneal =55, 70 
°C) has resulted in phase boundaries, from which gel crystals could nucleate-and-grow.  
The mechanism of subzero transitions within 4PBlend has been likened to fluctuation-
assisted nucleation-and-growth.  The nucleation of PVA-4000 polymer at the interface of 
PVA-10000 polymer would account for the temperature ranges of exothermic and 
endothermic transformation (Figure 3.2b,d).  Nucleation would cause the gel 
crystallization of PVA-4000 in sample 4PBlend to occur at temperatures higher than 
those reported for sample 10P4000.  In spite of the high temperature melting peak (Figure 
3.2c), similar behaviors of gel melting were observed between samples 4PBlend and 
10P4000. 
The change in conformational entropy, S(Tf -S(Ti), for cryo-transformations were 
calculated from the values of dEα/dTα, (using Equation 3.7).[134-135]  The reported 
values of S(Tf)-S(Ti) versus Tanneal (Figure 3.5) were average values (for transformations 
ranging from Ti to Tf and from the data collected at βi). 
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TSTS       (3.7) 
Spline fittings of S(Tf)-S(Ti) versus Tanneal were given in Figure 3.5 for each 
sample.  The values of S(Tf)-S(Ti) for the cryo-transformations of homopolymer solutions 
were greatest post annealing at 30 °C.  Between samples of homopolymer annealed at 30 
°C, the value of S(Tf)-S(Ti) for sample 10P4000 was greater than the value obtained from 
sample 4P10000.  Values of S(Tf)-S(Ti) for samples 4P10000 and 10P4000, where Tanneal 
=55, 70 °C, were similar (Figure 3.5).  In consequence, the effective activation energy 
plots of 4P10000 were displaced to more negative values of (-Eα) after annealing at 
increasingly higher temperatures (Figure 3.4).     
The calculation of S(Tf)-S(Ti) for sample 10P4000 was the greatest, followed by 
4PBlend for samples annealed at 30 °C.  S(Tf)-S(Ti) for 4PBlend was slightly higher than 
the value reported for 4P10000.  Further, the change in conformational entropy for 
sample 4PBlend had decreased linearly with higher annealing temperatures.  Negative 
values of S(Tf)-S(Ti) were reported for 4PBlend samples, where Tanneal =55, 70 °C.  When 
Eα=0>Eα=1, negative values of S(Tf)-S(Ti) were calculated (Figure 3.4 and 3.5).  
Conceptually, the change in conformational entropy cannot be negative; however, the 
calculation of negative values for S(Tf)-S(Ti) has inferred the presence of ordered 
phases.[134]    
The microscopic phase separation of PVA polymers within 4PBlend was believed 
to confine the molecular arrangement of polymer chains and create boundaries that could 
nucleate cryo-transformation (as depicted within Figure 3.6a).  Both of these behaviors 
would negatively affect the values of S(Tf)-S(Ti).   
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Figure 3.5. Change in the conformational entropy of cryo-transformations. 
 
 
Figure 3.6. Proposed phases within a) blend of low and high DP polymers (A and B) and 
b) CNT/polymer dispersions. 
91 
3.3.6. Cryo-transformation Mechanisms of CNT Dispersions 
CNT dispersions consisted of blended polymer and fillers that could nucleate gel 
crystallization and solvent freezing.  At the onset of cryo-transformations, the effective 
activation energies of CNT/polymer dispersions were less negative than the values 
obtained from homopolymer solutions of PVA (Figure 3.4).  This behavior was suspected 
since the nucleating effects of filler have been known to reduce the energy barrier for 
crystallization.[45]  (Counter-intuitively, FWNTs dispersed in solvent did not nucleate 
the freezing of pure solvent, see Appendix B).     
Since the DPw of the PVA within sample PF10P4000 was slightly less than the 
value for sample 10P4000 (Table 3.1), the differences between their transformation 
mechanisms may be attributed to the incorporation of FWNTs and Tanneal.  The cryo-
transformation of PF10P4000 post annealing at 70 °C (Figure 3.4) exhibited higher 
values of Eα with conversion (see Appendix A); as discussed earlier, this behavior was 
indicative of a parallel transformation mechanism.  The Eα plots of sample PF10P4000 
annealed at 30 and 55 °C became more negative with conversion initially.  The values of 
Eα for sample PF10P4000, after annealing at 30 °C, had increased with conversions in 
excess of α=0.1.  This behavior was suggestive of nucleation; such that cryo-gelation 
would occur at surfaces and interphases up to conversions of α=0.1.  Afterwards, a 
parallel mechanism of transformation had proceeded.  The values of Eα for sample 
PF10P4000, where Tanneal=55 °C, decreased over the entire course of the transformation.   
FWNTs were attributed with influencing the spatial heterogeneity of solvated 
polymer.  Nucleation-and-growth within the homopolymer regime of Figure 3.6b was 
expected to proceed via increasing values of Ea, as observed for homopolymer solutions.  
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From the analysis of Eα plots (in Figure 3.4) and the high temperature peak of melting (in 
Figure 3.2c), the nucleation-and-growth of gel crystals within sample 10P4000 are 
believed to persist from surface of FWNTs.  The polymer interphase along FWNTs was 
also believed to nucleate gel crystals within the PF10P4000, where Tanneal=30, 55 °C, (see 
Figure 3.6b). 
The Eα plots for sample PS4P10000 were significantly different from those 
observed for homopolymer solutions and the PF10P4000 dispersion.  The annealing of 
PS4P10000 at 30 °C has resulted in an irregular sinusoid for Eα values, as also observed 
for sample 4PBlend annealed at 70 °C.  The direction of dEα/dTα changed at conversions 
of α=0.28 and α=0.76.  Thus, cryo-transformation in excess of α=0.28 was believed to 
proceed by the nucleation-and-growth of gel crystals from spatial heterogeneities.  The 
plots of Eα for samples PS4P10000 and 4PBlend, where Tanneal=55 °C, were noticeably 
similar.  The values of dEα/dTα were initially negative, but the values turned positive at 
some value of critical conversion.  The values of Eα for PS4P10000, at Tanneal=55 °C, 
increased for conversions higher than α=0.28.  For Tanneal=70 °C, the values of Eα for 
sample PS4P10000 exhibited convex behavior; the positive value of dEα/dTα turned 
negative at a critical conversion of α=0.3.  All in all, cryo-transformations within sample 
PS4P10000 were nucleated by surfaces and polymer interphases; there was also evidence 
of nucleation-and-growth from within solvated homopolymer (Figure 3.6b). 
CNT dispersions featured significantly lower values of S(Tf)-S(Ti) than samples of 
homopolymer upon cryo-transformation.  Further, calculations of S(Tf)-S(Ti) for samples 
of PS4P10000 were lower than those values reported for PF10P4000.  Within sample 
PS4P10000, surfaces would exist at the interface of CNTs and phase-separated polymer.  
93 
The high value of DPw, within sample PS4P10000, could have also reduced the value of 
S(Tf)-S(Ti) (Figure 3.5).   
3.3.7. Cryo-transformation Kinetics 
 As discussed in the Experimental Section, the value of Aα must be calculated from 
Equation 3.5, and then substituted into Equation 3.4 to find the experimental values of 
g(α).  The values for α and t from DSC data were entered into several models for solid 
state transformation; the values of lnk(T)i versus (RT)
-1 were calculated.[140]  However, 
isoparametric constants (lnkiso and Tiso) were only observed when the Avrami model was 
used (Equation 3.8).   
 ( )[ ] )T(kα n ln1ln
1
=−−      (3.8) 
 Avrami nucleation-and-growth models (where ni=1, 2, 3, 4) consistently featured 
a common point of intersection (lnkiso,Tiso).  Examples curves were shown in Figure 3.7.  
The use of the Avrami model for determining isoparametric constants has implied that it 
may be used to model cryo-transformations; however, the exact order of the Avrami 
transformation model cannot be assumed from the plots represented by Figure 3.7.   
 The values of lnkiso and Tiso from samples, where Tanneal=30, 55, and 70 °C, were 
reported in Table 3.5.  The cryo-transformations of sample 4P10000 occurred at higher 
temperatures and faster rates than those from sample 10P4000.  PVA-10000 polymer in 
sample 4P10000 appeared to hasten the subzero association of polymer chains.  The 
sample PF10P4000 had higher values of lnkiso than sample 10P4000; the higher value of 
lnkiso for PF10P4000 was attributed to the heterogeneous nucleation of gel crystals from 
the surface of FWNTs.  The lnkiso and Tiso for solvent freezing within sample PS4P10000 
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were lower than the values that were reported for other samples, in which polymer 




Figure 3.7. Example plots for determining isoparametric rate constant (lnkiso) and 
temperature (Tiso).  The logarithmic isoparametric rate constants were determined by the 
use of Avrami reaction models, where ni = 1, 2, 3, and 4 for samples that were annealed 
at 55 °C for 2 hrs prior to 2 °C/min cooling. 
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a) Tanneal = annealing temperature, b) lnkiso = isoparametric rate constant, c) Tiso = 
isoparametric temperature, d) n = order parameter of growth, e) R2 = ‘goodness of fit’ 
parameter. 
 
Equation 3.4 was simplified into Equation 3.9 to graphically represent g(α) with 
conversion, using data from a cooling rate of βi = -2 °C/min (Figure 3.8).  The R
2 values 
for Avrami fits to g(α) were less than 0.9, which is less than ideal when ascribing a 
transformation model.  The impingement of crystallites at higher conversions may have 
caused the transformations to deviate from Avrami behavior.[7]  The Avrami model 
fitted most g(α) curves at conversions for α ≤ 0.95 and R2 of ≥0.94.  However, sample 
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4PBlend, where Tanneal=70 °C, and sample PS4P10000, where Tanneal=30 °C, did not fit 






























⋅=       (3.8) 
Since some overlap between the βi curves was observed among homopolymer and 
hybrid samples (Figure 3.3), the values of n were interpreted according to heterogeneous 
nucleation-and-growth transformations.  As obtained from Avrami fittings,[7] values of n 
were indicative of 2-3 dimensional growth (Table 3.4).  The values of n for homopolymer 
solutions and 4PBlend were greatest among samples annealed at 30 °C.  Interestingly, 
this annealing temperature of 30 °C also corresponded to the highest values of S(Tf)-S(Ti) 
upon exothermic transformation (Figure 3.5).  The sample of PF10P4000 had higher 
values of n than sample 10P4000.   
 
Figure 3.8. Avrami fits to g(α) for PVA solutions annealed at 30, 55, and 70 °C,       
where the cooling rate 2 °C/min. 
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 It is worthwhile to note that the pattern of Eα plots from solutions of PVA 
homopolymer (in Figure 3.4) were similar to the g(α) plots (in Figure 3.8).  The same 
observation has been noted for Eα plots of sample PF10P4000 and 4PBlend annealed at 
70 and 30 °C, respectively.  The cryo-transformation of semi-crystalline gel and solvent 
freezing adhered to a single Avrami nucleation-and-growth model.  The freezing of 
solvent within a physical gel was known to exhibit Avrami nucleation-and-growth 
behavior, as observed in a study of cis-decalin that was frozen within amorphous matrices 
of physically and chemically crosslinked dimethylsiloxane.[153]  Although the Eα plots 
for several, annealed samples PVA/CNT did not wholly exhibit increasing values for Eα, 
Avrami fits could be ascribed to their plots of g(α).  Nucleation-and-growth processes 
that ascribe to parallel and serial transformation pathways are known to adhere to Avrami 
model fittings.[133]  The value of Eα will steadily increase for parallel transformations;  
however,[133, 149-150] serial transformations can exhibit negative and positive values of 
dEα/dTα.[149]  Serial transformation would imply the occurrence of interdependent 
processes for cryo-transformation; such that the development of interphases along 
filler/phase boundaries could incur cryo-gelation and/or solvent freezing.   
 The Avrami fits to the g(α) values for PS4P10000 and 4PBlend (where Tanneal =30 
and 70 °C, respectively) did not overlay the experimental models.  The irregular 
sinusoids for Eα plots were believed to represent changes in the mechanism of nucleation-
and-growth.  Therefore, the fit parameters in Table 3.5 were believed to represent the 
average kinetics for cryo-transformation.  Further study would be required to determine 




This study has presented the use of isoconversional analysis to understand the 
effects of CNTs and the preparation of their dispersions on the nucleation-and-growth of 
PVA gel crystals and solvent freezing.  The presence of CNTs, DPw of the matrix 
polymer, and Tanneal were identified as parameters that could influence the nucleation-
and-growth mechanisms of cryo-transformations.  Further, the incorporation of CNTs 
was shown to change the pathway for exothermic transformation, as noted by plots of Eα.  
Parallel nucleation-and-growth mechanisms were believed to occur within regions of 
solvated homopolymer.  The parallel pathway for transformation would suggest that the 
processes of gel crystallization and solvent freezing had occurred independently; such 
that neither phase was initiated by the other.  Interdependent processes for transformation 
were proposed for the subzero cooling of CNT dispersion and blended PVA.  The 
energetic responses from these systems implied the nucleation of cryo-transformation by 
the CNT interface, phase boundaries, polymer interphase, and within solvated 
homopolymer.  Based on this study, the reproducibility of hybrid gel structures would be 
influenced by the technique for homogenizing CNT/polymer dispersions, filler loading, 
and thermal history.  The time between sample preparation and polymer processing 
should also be considered for future study.  
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CHAPTER 4 
EFFECT OF GEL AGING ON THE  
STRUCTURE AND PROPERTIES OF  




 This study explores the effects of aging PVA gel fiber on the mechanical 
properties of CNT embedded fibers, drawing, and microstructure.  The effect of gel aging 
on the mechanical properties of PVA gels[44] and tapes[32] has been reported in the 
literature but not for nanocomposites.  Tanigami et al. have described the preparation of 
PVA cryo-gels from 10 wt. % polymer (having a DP of 5,000) dissolved within 80/20 v/v 
DMSO/water.[32]  Cryo-gel films were heat pressed and aged in 10 °C water for 4 
months, dried in a vacuum, and finally stretched by 23 X at 200 °C.  PVA tapes exhibited 
mechanical properties of 2.8 GPa in TS and 72 GPa in TM.  The DSC thermograms of 
aged gels had shown low temperature endothermic peaks between 40 and 120 °C.  These 
transitions were noted to be crystallites which had enabled the stretching of films to high 
values of DR.   
 The goal of this chapter was to employ the gel aging technique and state drawing 
to enhance the tensile strength and modulus of PVA/CNT fibers.  CNT composite and 
neat gel fibers were aged for several months within MeOH and MeOH/water solutions 
prior to gel characterization and processing.  Gel aging was employed with the desire to 
improve the DR of CNT-embedded fibers at elevated temperatures.  Since CNTs have 
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been observed to template the alignment of PVA chains through charge transfer (Chapter 
2), high values of DR are expected to promote the molecular ordering of PVA at the 
interface of CNTs.  The incorporation of CNTs at low loadings (of ~0.25 wt.% of the 
polymer) was done to aid their dispersion and molecular adhesion with matrix polymer.  
The structure/property/processing relationships for drawn fibers and aged gels were 
determined by use of mechanical, thermal, and WAXD analysis. 
4.2. Experimental Section 
4.2.1. Spinning dopes of PVA and PVA/CNT 
 Spinning dopes were prepared from a-PVA, having different values of DPw.  PVA 
homopolymers were termed PVA-10000 (which had a DPw of 10,000 and 99% 
hydrolysis) and PVA-4000 (which had a DPw of 4,000 and 99% hydrolysis); these 
polymers were made by Kuraray.  PVA was dissolved in 80/20 v/v DMSO/water at ≈85 
°C. 
 The concentrations of PVA-10000 and PVA-4000 in solution were optimized for 
gel spinning.  Solutions of PVA-10000 were prepared at 3, 3.5, 4, and 5 wt.% polymer 
and dissolved in solvent at ≈85 °C for several hours.  The circularity and diameters of 
fibers were used to determine the best concentration for fiber spinning.  The aging 
technique was studied with polymer concentrations of 4 wt.% PVA-10000 and 10 wt.% 
PVA-4000.  The sample prepared at 4 wt.% PVA-10000 was termed 4P10000.  PVA-
4000 solutions could not be gel-spun at concentrations < 10 wt.% polymer.  Therefore, a 
solution was prepared at 10 wt.% PVA-4000, which was termed 10P4000.   
 SWNTs, having a purity >98%, came from CNI HiPCO process lot# P0247.  The 
PVA/SWNT dispersion was prepared at 4 wt.% polymer and was referred to as 
101 
PS4P10000.  FWNTs, having a purity of 99%, came from CNI lot# X0122UA.  The 
PVA/FWNT dispersion was prepared at 10 wt.% polymer and was referred to as 
PF10P4000.  The preparation of these dispersions was discussed in the Experimental 
Section of Chapter 3.  Polymers within the spinning dopes of PS4P10000 and PF10P4000 
were blends of sonicated and unsonicated polymer.  The estimated values of relative 
DPwb, for polymers composing CNT dispersions, were given in Table 3.1.  Polymers 
within sample PS4P10000 have a relative DPwb value of 8,900; these polymers were 
termed PVA-8,900.  Polymers within sample PF10P4000 have a relative DPwb value of 
3,700; these polymers were termed PVA-3,700. 
4.2.2. Fiber Gel-spinning 
 The syringe was heated to ≈60 °C, and the syringe pump was set to feed spinning 
dope through an 18 gauge needle (of 1 mm in diameter) at 1.5 to 2 ml/min.  Gel fiber was 
formed within spinning bath of -33 ± 7 °C MeOH that was chilled with dry ice.  The 
take-up speed of gel fiber from the spinning bath ranged from 10-21 m/min.  The jet 
stretch ratio (JSR) of gel-spun fiber was calculated from Equation 4.1, where vin 






JSR =       (4.1) 
 Continuous gel fiber was aged in 1 L solutions of MeOH or 50:50 (v/v) 
MeOH/water.  Gel fibers that were aged in MeOH/water were also conditioned within 10 
°C MeOH for 1 day; this coagulation step allowed gel fiber to be drawn at 100 °C.  
Several gels that were aged in MeOH/water were also drawn cold, before they were 
conditioned within 10 °C MeOH.  Fibers were drawn in stages/heating element 
temperatures (°C) of: S1/100, S2/160, S3/200, S4/220-250.  The values of incremental 
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draw ratio equaled the ratio of fiber take-up rate to fiber feed rate.  The cumulative draw 
ratio (DR) was the product of incremental draw ratios as from stages of cold and drawing.  
In summary, fibers were drawn in 4 stages, kept under vacuum for 3 days at 60 °C, and 
annealed at 180 °C (such that the feed and take-up rates were the same) for the stage 
called S5/180.  Select fiber of PVA/CNT was processed with an additional stage of oven 
drying at 85 °C under vacuum and then annealed at 220 °C.  This stage was called 
S6/220, and it was used to stiffen the fiber.   
4.2.3. Mechanical Testing 
The tensile testing of drawn PVA and PVA/CNT fibers were performed at RT, 
using a gauge length of 25.4 mm, and at a strain rate of 0.1 %/sec.  Fiber diameters and 
the values of circularity index (CI) were determined from SEM micrographs of at least 20 
cross sections.  CI was calculated from the ratio of perpendicular diameters; diameters 
were measured at angles of 0, 45, 90, and 135°.  The calculation of CI was modified form 
the Adel version, in which the ratio of the longest to shortest diameter lengths were taken 
to find CI.[154]   
The tensile testing of drawn fibers and the DMA of gel fibers were performed 
using the RSA III.  The dynamic mechanical testing of aged gel fibers were conducted 
under constant strain, ambient conditions, and from 0.05 to 40 Hz.  The applied load for 
pre-strained samples did not exceed 1 gram for testing within the linear elastic region.  
The storage modulus was reported as the average of two sample runs.  Some drying of 
the sample may have occurred as the samples were tested under ambient conditions.  The 
diameters of gel fiber, which were used for DMA testing, were obtained by optical 
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microscopy.  Diameters were measured every 0.5 mm with optical microscopy; at least 
18 measurements were taken.  
4.2.4. WAXD 
 WAXD was performed on the Micro Max 002 X-ray generator and R-axis VI++ 
detector by Rigaku.  Instrument settings included 45 kV power and a current of 0.66 mA.  
Radial scans were collected over 30 min.  The values of Xc and XS were determined over 
the 10-50° range for 2θ.   
 The unit cell orientation for crystalline PVA (fb) within PVA and PVA/CNT 
fibers was determined using the (200) and (101) diffraction planes, as described in 
Chapter 2.2.4).[86]  The alignment of unit cell planes within aged gel fibers was analyzed 
qualitatively from meridonal and equatorial WAXD patterns (for phi angle values of 80-
100° and 170-190°, respectively).  Two bundles of ≥15 drawn fibers and two bundles of 
≥ 5 gel fibers were used for WAXD analysis.  The values of Xc, XS, fc, and d-spacing 
were reported for each fiber bundle.   
4.2.5. Thermal Analysis 
 MDSC experiments went as follows: sample equilibration at -20 °C, modulation 
of ± 0.796 °C of the average temperature every 60 s, and a temperature ramp up to 300 
°C.  The average rate of heating was 5 °C/min in nitrogen.  The thermograms of R-heat 
capacity, NR-heat capacity, and total heat capacity were from the first heating cycle.   
 TGA measurements were performed on gel fibers that were placed within a 
platinum holding pan.  Heating was performed at 10 °C/min in nitrogen gas. 
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4.3. Results and Discussion 
 
4.3.1. Optimizing the Circularity of Gel-spun PVA-10000 Fibers 
 PVA solutions of 3-5 wt.% PVA-10000 were gel-spun and stretched with four 
stages of elevated temperature drawing (S4/200 or S4/250).  The as-spun gels of 
homopolymer were noted to be transparent.  The drawing conditions and geometries of 
these fibers were described in Table 4.1.  Samples were labeled according to the weight 
fraction of PVA-10000 in the spinning dope.   
 Fibers prepared from 3.5 and 4 wt.% PVA had similar diameters sizes; however 
the fiber cross sections of the 4P10000 fibers were more uniform and circular (Table 4.1 
and Figure 4.1).  The circularity indices for fibers of 3P10000 and 3.5P10000 were 
CI=0.7.  The value of CI for 4P10000 was 0.9.  Sample 5P10000, from 5 wt.% PVA-
10000, had a smooth but oval cross section.  The diameters of 5P10000 fibers were 
considerably larger than fibers produced from solutions of 3-4 wt.% PVA-10000.  
Therefore, a concentration of 4 wt.% PVA-10000 was used to test the 
processing/structure/property relationships of PVA and PVA/CNT fibers.   
 
Table 4.1. PVA-10000 Fiber Cross-sections. 
Sample Designation 3.5P10000 4P10000 5P10000 
Total Draw Stages/ 
Final Draw Temp (°C) 
S4/220 S4/220 S4/250 
PVA (wt.%)
a)
 3.5 4 5 
JSR
 b)
 5.3 5.3 5.3 
DR
 c)
 5.0 X 5.2 X 5.4 X 
φf 
d)
 (µm) 29 ± 3 29 ± 3 43 ± 3 
CI
 e)
 0.72 ± 0.16 0.91 ± 0.07 0.78 ± 0.07 
 
a) wt.% = weight percent, b) JSR = jet stretch ratio, c) DR = cumulative draw ratio, d) φf 
= the diameters of drawn fibers according to SEM micrographs, and e) CI = circularity 






Figure 4.1. Cross-sections of fibers spun from solutions of a) 3.5, b) 4, and c) 5 wt.% 
PVA-10000. 
 
 Fibers of 4P10000 (in Table 4.1 and Figure 4.1) were drawn at S4/220 and 
S5/180.  The values of TS and TM for 4P10000 fibers had improved after S5/180 
processing.  The values of TS=0.92 ± 0.02 GPa and TM =18 ± 5 GPa were reported for 
S4/220 fibers.  The values of TS=1.01 ± 0.07 GPa and TM =36 ± 4 GPa were reported for 
S5/180 fibers.  The tensile strain values were the same for both samples: 6 ± 1%.     
4.3.2. Aging Gels of PVA-10000 
 Gel fibers were prepared from solutions of PVA-10000 and aged in MeOH or 
MeOH/water at 10 °C.  The properties and microstructures of S5/180 drawn fibers and 
precursor gels were described herein.       
4.3.2.1. Drawn 4P10000 Fibers from Gels Aged in MeOH 
 Fibers drawn from gels aged in MeOH for 1 and 22 days were termed 4P10000-
1MeOH and 4P10000-22MeOH, respectively.  Sample 4P10000-1MeOH was drawn to a 
higher value of DR than sample 4P10000-22MeOH (6.1 X versus 4.1 X in Table 4.2).  
The cross sections of 4P10000-22MeOH fiber had varied more in size and their 
geometries were more irregular (Table 4.2 and Figure 4.2).  The diameter of 4P10000-
1MeOH fiber was 22 ± 2 µm, and the diameter of 4P10000-22MeOH fiber was 34 ± 10 
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µm.  The TS of drawn 4P10000-1MeOH fibers was ~9 X the strength of drawn 4P10000-
22MeOH fibers and the TM of drawn 4P10000-1MeOH fiber was twice the value of 
drawn 4P10000-1MeOH fiber.  Therefore, the mechanical properties of drawn 4P10000 
fibers had decreased with MeOH aging time.  A similar behavior was reported in Minus; 
such that the tensile strengths of PVA fibers had decreased from ~0.9 to 0.5 GPa with gel 
aging in -30 °C MeOH for 1-8 days.[42] 
 
Table 4.2.  Mechanical Properties of Drawn 4P10000 Fibers from Gels Aged in MeOH. 
Sample Designation 4P10000-1MeOH 4P10000-22MeOH 





 8.1 X 8.1 X 
DR 
b)
 6.1 X 4.1 X 
φf 
c)
 (µm) 22 ± 2 34 ± 10 
CI 
d)
 0.83 ± 0.08 0.79 ± 0.09 
TS 
e)
 (GPa)  1.15 ± 0.15 0.13 ± 0.02 
Maximum TS (GPa) 1.37 0.16 
TM 
f)
 (GPa) 19 ± 2 8 ± 1 
Maximum TM (GPa) 22 9 
Strain at Break (%) 5.5 ± 0.8 5.3 ± 0.4 
 
a) JSR = jet stretch ratio b) DR = cumulative draw ratio for drawing past coagulation, c) 
φf = diameters of drawn fibers according to SEM micrographs, d) CI = circularity index 
of drawn fibers according SEM micrographs, e) TS = tensile strength, and f) TM = tensile 





Figure 4.2. Cross-sections of drawn 4P10000 fibers from gels aged in MeOH for a) 1 and 
b) 22 days. 
 
 MeOH aging has influenced the behavior of solvent imbibed within drawn fibers 
(Figure 4.3a).  The NR-heat capacity curve for drawn 4P10000-1MeOH fiber has 
revealed the presence of water-rich and DMSO-rich phases in the fiber microstructure.  
Similar thermal events were observed among the drawn fibers of PVA and PVA/SWNT 
(Figure 2.3).  As discussed in Chapter 2, solvent evaporation was accompanied by the 
molecular relaxation of solvated polymer.  The peak temperature for water evaporation 
(Tevap1 = 75 °C) from drawn 4P10000-1MeOH fiber were slightly lower than the water 
evaporation temperature for 4P10000-22MeOH (Tevap1 = 87 °C).  The value of Tevap1 of 
drawn fibers had shifted to temperatures above 100 °C after aging gel fiber in MeOH for 
22 days.  Therefore, molecular impurities were removed from the water-rich phase of the 
MeOH aged gel fiber.    
 Hydrogen bonding between water molecules and PVA hydroxyl groups are 
expected to reduce the evaporation temperature of water, which occurs at 100 °C.  The 
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debonding of PVA hydroxyl groups from water molecules must have occurred upon the 
phase separation of water from PVA.  There was further evidence of unbound water 
(where evaporation occurred at temperatures greater than 100 °C) and water bonded to 
PVA (where evaporation occurred at temperatures less than 100 °C) in Figure 4.3a.  The 
TGA of 4P10000 gels aged in MeOH will be discussed in an upcoming section. 
 The DMSO-rich phase within 4P10000-22MeOH fiber was negligible; however, 
the evaporation of DMSO from drawn fibers of 4P10000-1MeOH was apparent (Figure 
4.3).  Although fibers were prepared from a greater volume fraction of DMSO than 
water, MeOH aging had favored the removal of DMSO from precursor gel.  This 
behavior will be discussed in further detail.   
 
Figure 4.3. MDSC thermograms of drawn 4P10000 fibers from gels aged in MeOH: a) 
NR-heat capacity, b) R-heat capacity for i) 0-200 °C and ii) 150-300 °C, and c) total heat 
capacity from tests in nitrogen. 
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 The temperature range for water evaporation had overlapped the Tg of 4P10000 
fibers that were drawn from gels aged in MeOH (Figure 4.3a,bi).  Dried PVA has a Tg of 
85 °C;[35] therefore, the observed Tg values were indicative of solvated polymer.  After 
22 days of MeOH aging, a low temperature shoulder was observed along Tevap1; this 
shoulder coincided with the Tg of those 4P10000-22MeOH fibers.  Aged polymers are 
known to exhibit enthalpic relaxation peaks within the DSC thermogram.  Peaks 
indicative of enthalpic relaxation have occurred in the vicinity of the Tg and within the 
total and NR-heat capacity thermograms.          
 Gel aging affected the drawing and melting behaviors of 4P10000 fibers.  The 
melting temperature of drawn 4P10000 fibers was the highest after 1 day of gel aging in 
MeOH (Figure 4.3b); furthermore, a high temperature shoulder was observed along the 
dominate melting peak at ~230 °C.  The drawing of 4P10000 fiber to higher values of DR 
was shown to aid the formation of higher melting temperature crystals.  The thermal 
degradation of PVA was represented by the high temperature transition that began at 
~260 °C.  Interestingly, the degradation of PVA in sample 4P10000-1MeOH began at 
lower temperature than for sample 4P10000-22MeOH.  The conformations of crystalline 
PVA residing in sample 4P10000-1MeOH were believed to be more conducive to high 
temperature degradation.   
 The WAXD analysis of drawn 4P10000 fibers was shown in Figure 4.4 and Table 
4.3.  Drawn 4P10000-1MeOH fibers were more crystalline than the 4P10000-22MeOH 
fibers; the values of Xc for these fibers were ~63 % and ~44%, respectively.  The 
orientation of PVA crystals (fb) within drawn 4P10000 fibers was not significantly 
affected by differences in DR (Table 4.3); fb values were ~0.88.  Incremental increases in 
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the orientation of PVA crystals seem to require larger increases between the DR of fiber.  
(Similarly, PVA fibers that were drawn by 5.2 and 7.5 X had fb values of 0.88/0.89, 
according to Table 2.4). 
 
 
Figure 4.4. WAXD analysis from radial scans of drawn 4P10000 fibers from gels aged in 
MeOH for a) 1 and b) 22 days.  Scattering from amorphous polymer was represented by 
unfilled peaks; diffraction from planes of the PVA unit cell was represented by filled 
peaks.[30, 42, 97]   
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Table 4.3. WAXD Characterization of Drawn 4P10000 Fibers from Gels Aged in MeOH. 
 
Sample Designation 4P10000-1MeOH 4P10000-22MeOH 
MeOH Aging Time  1 Day 22 Days 
JSR 
a)
 8.1 X 8.1 X 
DR 
b)
 6.1 X 4.1 X 
Xc 
c)
 (%) 64, 62 42, 45 
fb 
d)








(100) 8, 8 11, 11 
(001) 9, 8 5, 5 
(110) 9, 9 9, 9 












(100) 0.79, 0.79 0.78, 0.78  
(001) 0.55, 0.55  0.55, 0.55  
(110) 0.24, 0.24  0.24, 0.24  
(111) 0.22, 0.22 0.22, 0.22 
 
a) JSR = jet stretch ratio b) DR = cumulative draw ratio, c) Xc = crystallinity of polymer, 
d) fb = orientation of PVA unit cell crystals along the molecular b-axis, and e) XS = 
crystal size.   
 
 The d-spacings and crystal sizes of the 100, 001, 110, and 111 planes of the PVA 
unit cell are given in Table 4.3.  These planes of diffraction represented the strongest 
peaks (Figure 4.4), and the 2θ values of these planes are illustrated within Figure 4.4.  
The d-spacing of prominent planes within the PVA unit cell did not vary between drawn 
fibers of 4P10000-1MeOH and 4P10000-22MeOH (Table 4.3).  However, the crystal 
sizes of PVA along the a-axis were slightly larger within the 4P10000-22MeOH fibers 
than for the 4P10000-1MeOH fibers.  The crystal sizes of 110 planes, which are 
perpendicular to the molecular axis, were similar for these fibers.  The (101) and (101) 
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planes represented intermolecular hydrogen bonding between the monomer units of two 
different PVA chains.   
4.3.2.2. 4P10000 Gel Fiber Aged in MeOH 
 This section has described the mechanical and structural properties of gel fibers 
that were derived from solutions of 4P10000 and aged in 10 °C MeOH.  Storage modulus 
(E′(f)) was observed to increase with gel aging time in MeOH (Figure 4.5).  E′(f) values 
were observed to increase gradually with frequency; whereas, a fully developed network 
would exhibit a plateau modulus over several magnitudes of oscillation.[26]  The loss 
modulus (E″(f)) of 4P10000 gel fiber aged in MeOH is reported in Appendix C. 
   
 
Figure 4.5. Storage modulus of 4P10000 gel fibers aged in MeOH. 
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 A temperature range of RT to 200 °C was used to characterize the behavior of 
solvent imbibed within gel-spun fibers (Figure 4.6).  (The same range of temperatures 
were used for the TGA analysis of solvent contained within stage drawn fibers, in Figure 
2.4).  More than 80% of the unaged, as spun gel fiber was composed of solvent (Figure 
4.6a).  After 1 day of MeOH aging, this value was significantly reduced to 5% solvent.       
 According to Equation 1.2-1.4, the weight fraction of imbibed solvent (parameter 
Q) will affect the storage modulus of gels.  Solvent swelling  was expected to decrease 
E′(f), but the removal of solvent was expected to increase the value of  E′(f).  Parameter 
υ2r would be the same for each sample of gel since each sample came from the same 
batch of as-spun gel fiber.  The E′(f) increased with MeOH aging up to 22 days; such that 
the coagulation of PVA polymer would be represented by an increase in υ2 and the 
removal of solvent.  Therefore, the trends observed from DMA and TGA qualitatively 
support the structure/property relationships that were given by Equations 1.2-1.4.  The 
coagulation of 4P10000-22 MeOH-Gel was also believed to have reduced its drawability.   
 The DTGA analysis of 4P10000 gel fibers (Figure 4.6b) was suggestive of 
changes to the composition of DMSO/water within the gel fiber.   According to Figure 
2.4b2, an 80/20 mixture of DMSO/water had fully evaporated at a temperature of 150 °C.  
The DTGA plot of unaged gel fibers showed differential weight loss at temperatures 
>150 °C.  DMSO appeared to phase separate from water within the spinning bath and 
during the process of MeOH aging.  The Hildebrand solubility parameters (δt) for 
DMSO, water, and MeOH were 26.7, 47.8, and 29.6 MPa1/2, respectively.[155]  Since the 
values of δt for DMSO was most similar to the value for MeOH, DMSO was expected to 
readily diffuse into MeOH from the mixture of DMSO/water. 
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Figure 4.6. 4P10000 gel fibers aged in MeOH: a) TGA and b) DTGA at 10 °C/min in 
nitrogen.  
 
 Between 22-30 days of MeOH aging, the weight fraction of imbibed solvent had 
increased slightly to 10 %.  This increase in solvent swelling was likely due to the influx 
of water or MeOH/water.  The DTGA plot of 4P10000 gel after 30 days of aging showed 
a lower peak temperature for differential weight loss.  This behavior was attributed to the 
counter-diffusion of MeOH into gel fiber.  The phenonmeon of solvent diffusion and 
counterdiffusion with aging time will be discussed for other PVA gels and MeOH/water 
aging.   
 The WAXD analysis of 4P10000 gels was reported in Table 4.4 and Figure 4.7.  
Gel samples were designated by MeOH aging time and the word ‘gel’ in Table 4.4.  A 
significant increase in the percent crystallinity of gel fibers was observed after 1 day of 
MeOH aging.  The initial crystallnity of as-spun gel fiber was 5%; this value increased to 
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~46 % upon aging.  Differences between the Xc of gels aged for up to 30 days were 
neglibile (based on the error associated with its mode of determination).  The process of 
stage drawing had a considerable influence on the overall crystallinity of fibers drawn 
from 4P10000-1MeOH-Gel; the Xc increased by ~16 % (Table 4.3 and 4.4).  In contrast, 
















Gel Fiber Aging  
Time (Days) 
0 1 22 30 
Xc 
a) 








) (100) 3, 3 5, 5 5, 5 5, 5 








 (100) 0.68, 0.68 0.76, 0.76 0.76, 0.76 0.76, 0.76 
(110) - 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 
Crystal sizes were not reported for the 110 planes of low peak intensity. a) Xc = 














Figure 4.7. WAXD analysis of 4P10000 gel fibers with aging time a) 0, b) 1, c) 22, and 
d) 30 days in MeOH: 1) diffraction patterns, 2) integrated radial scans, equatorial scans 
(ai and ci), and meridonal scan (aii and cii). (*) in a2) represents solvent scattering.   
 
 Parameters of crystal size and d-spacing were reported for the (001) planes of 
fibers that were drawn from gels aged in MeOH (Figure 4.4); however, a diffraction peak 
from (001) planes was not detected among gel fiber.  Since diffraction from (100) and 
(110) planes (perpendicular to the molecular axis) were detected, PVA chains were 
believed to initially organize into two-dimensional sheets along the a- and b-axis upon 
gelation.  The dimensionality of organized PVA chains increased from a two to three 
dimensional form upon elevated temperature drawing (Figure 4.4).  The crystal size and 
d-spacing increased along the a-axis after 1 day of aging, but these values did not change 
upon aging after 22 and 30 days (Table 4.4).  The d-spacing between a-axis planes 
increased from 0.68 to 0.76 nm after 1 day of aging and remained at 0.76 nm within gel 
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fibers aged for 22 and 30 days of MeOH aging.  After stage drawing, the d-spacing 
between a-axis planes equaled 0.79 nm.   
 Hydrogen bonding between PVA chains and organized molecules of water were 
believed to occur between associated chains of PVA.  Based on the bond length distance 
between the oxygen and hydrogen atom of water, several molecules of water could 
organize between two monomer units of PVA.  The deconvoluted diffraction pattern of 
as-spun gel fiber featured a broad peak at 2θ ≈ 21.7 (Figure 4.7a2).  This peak was 
attributed to scattering by solvent.  Interestingly, this peak was only present within the 
WAXD analysis of as-spun gel fiber and not for the aged gel or drawn fiber.  The ordered 
PVA within as-spun gel polymer was therefore believed to configure according to the 
Sakurada model, in which the disruption of intermolecular hydrogen bonding occurred 
along the a-axis; however, van der Waals bonding along the c-axis was not observed 
(Figure 1.1).[29]  Nevertheless, the unit cell configuration of PVA within aged gels and 
drawn fiber is believed to adhere to the Bunn model, wherein the intermolecular 
hydrogen bonding that occurs along the c-axis was influenced by the solvent (Figure 
1.1).[29]            
 Since the (101) and ( 110 ) planes overlapped, the d-spacing was reported as the 
average distance between their deconvoluted peaks.  The d-spacing characteristics of 
( 110 )/(101) planes were ~0.45 nm for the as-spun gel, aged gel, and even the drawn 
fibers.  The study of PVA gelation by Hoshino et al. had shown the d-spacing of the 
( 110 )/(101) peaks to be equal to 0.43 nm, after 96 hours of aging cryogel that was 
prepared from 80/20 v/v DMSO/water.[24]  These values were believed to represent the 
intercalation of water within ordered PVA.  The infusion of water within the crystal 
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structure of PVA was reported to enlarge the d-spacing of the ( 110 )/(101) planes from 
that of an unsaturated crystals.[156]  The effects of water on the ordering of PVA chains 
in the gel state will be discussed in this study for other PVA gels.         
 Upon drawing aged gel fibers, the crystal size along the a-axis became larger (to 
values greater than 5 nm), and d-spacing was increased by a few angstroms (from 0.76 to 
0.78/0.79 nm) (Table 4.3 and 4.4).  The d-spacing of the (100) planes is comparable to 
the lengths reported by Bunn, where the a-axis d-spacing equals 0.778 nm.[29]  PVA 
crystals grew along the c-axis upon fiber drawing; whereas, their growth was none 
existent within the gel fiber.   
 After 22 days of MeOH aging, the (111) plane was preferentially oriented along 
the meridonal axis and the ( 110 )/(101) planes were preferentially oriented along the 
equatorial axis (Figure 4.7).  However, diffracting planes within the as-spun gel fiber did 
not exhibit any preferential alignment.  In Tanigami et al, the WAXD analysis was 
reported for a dried aged film.  The process of drying was believed to cause film 
shrinkage, which had caused the mild orientation of the (101) plane along the film 
axis.[29]  Similarly,  the changing volume fraction and swelling behavior of polymer 
within aged gels may have incurred the preferrential alignment of these diffracting 
planes.           
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4.3.2.3. Drawn 4P10000 Fibers from Gels Aged in MeOH/Water 
 The mechanical properties of drawn fibers that were prepared from gels aged in 
50:50 MeOH/water at 10 °C were recorded in Table 4.5.  Fiber drawn from gel that was 
aged for 1 day in MeOH/water had the highest TS of 0.90 ± 0.10 GPa, and the highest TM 
of 13 ± 1 GPa.  The process of gel aging for ≥1 day in MeOH/water had produced PVA 
fibers with lower mechanical properties.  The TS and TM values of fibers drawn from 
gels aged for 120-155 days in MeOH/water were significantly lower than those values 
reported for gel aged for up to 69 days.  Also, 4P10000-1MeOHWater fiber was less 
drawable than 4P10000-1MeOH fiber (Table 4.3 and 4.5).   
 The circularity of drawn fibers that were drawn from gels aged in MeOH/water 
for ≥69 days was influenced by thick-and-thin areas along the fiber’s length.  The 
dynamic process of solvent diffusion may have resulted in these irregularities among the 
diameters of drawn fibers (Table 4.5 and Figure 4.8).    
 The NR-heat capacities from the first endothermic peaks of drawn 4P10000-
MeOH/Water fibers had increased significantly with gel fiber aging for 120-155 days 
(Figure 4.9a).  This increase has been attributed to the counter-diffusion of pure water 
into the precursor gel fiber.  Phases of unbound water and solvated polymer were 
believed to impair the mechanical performance of fibers drawn from gels aged for 120 
and 155 days in MeOH/water.  DMSO was more readily removed from the fiber structure 
after 1 day of MeOH/water aging (Figure 4.9b) in comparison to fibers drawn from gels 
aged in MeOH for 1 day (Figure 4.3b).  The composition of imbibed solvent, as a 
function of MeOH/water aging time, was also investigated from the TGA of aged gel 
fibers.      
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1 69 120 155* 
JSR 
a)
 8.1 X 8.1 X 8.1 X 8.1 X 
DR 
b)
  4.2 X 4.2 X 3.7 X 4.0 X 
φf  
c)
 (µm)  26 ± 2 30 ± 2 30 ± 7 29 ± 5 
CI 
d)
 0.76 ± 0.15 0.84 ± 0.12 0.64 ± 0.18 0.73 ± 0.12 
TS 
e)
 (GPa) 0.90 ± 0.10 0.73 ± 0.12 0.49 ± 0.03 0.54 ± 0.06 
Maximum TS (GPa) 1.07 0.97 0.54 0.64 
TM 
f)
 (GPa) 13 ± 1 11 ± 2 12 ± 1 9 ± 1 
Maximum TM (GPa) 16 16 13 11 
Strain at Break (%) 5.8 ± 0.7 7.1 ± 2.2 4.7 ± 0.3 5.4 ± 0.5 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio for drawing past coagulation, c) 
φf = diameters of drawn fibers according to SEM micrographs, d) CI = circularity index 
of drawn fibers according SEM micrographs, e) TS = tensile strength, and f) TM = tensile 
modulus.  *Samples drawn with 4 stages of elevated temperature drawing; all other 
samples were drawn cold, coagulated in MeOH for 1 day, and then drawn in stages. 
 
 
Figure 4.8. Cross-sections of 4P10000 fibers drawn from gels aged in MeOH/water for a) 
1, b) 69, c) 120, and d) 155 days. 
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Figure 4.9. MDSC thermograms of drawn 4P10000 fibers from gels aged in 
MeOH/water: a) NR-heat capacity, b) R-heat capacity for i) 0-200 °C and ii) 150-300 °C, 
and c) total heat capacity from tests in nitrogen. 
  
Polymer within drawn 4P10000-1MeOHWater fiber had expressed enthalpic 
relaxation.  This behavior was previously exhibited by drawn 4P10000-22MeOH fibers 
but not from drawn 4P10000-1MeOH fibers.  The low temperature shoulder occurred 
between 25-50 °C and shifted to slightly higher temperatures after 120 days of gel fiber 
aging (Figure 4.9a).   
 The range of crystalline melting for drawn 4P10000-1MeOH fiber was similar to 
the melting behavior from drawn 4P10000-1MeOH/Water fibers; nevertheless, the 
4P10000-1MeOH/Water fiber was less crystalline than the 4P10000-1MeOH fiber (63% 
versus ~57 %, respectively in Table 4.3 and 4.6).  The dimensions of PVA crystals within 
4P10000-1MeOH/Water fibers were shown to be similar to those within 4P10000-
1MeOH fibers.   
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Aging Time (Days) 
1 69 122 155 
JSR
 a)
   8.1 X 8.1 X 8.1 X 8.1 X 
DR 
b)
   4.2 X 4.2 X 3.7 X 4.0 X 
Xc
 c)
 58, 55 52, 54 51, 50 52, 60 
fb
 d)






) (100) 9, 9 8, 8 7, 7   9, 8 
(001) 9, 6  5, 5  4, 3  6, 3  
(010) 9, 9 7, 7  7, 7   9, 8 












(100)  0.78, 0.78 0.78, 0.79 0.78, 0.78 0.78, 0.78 
(001) 0.55, 0.55 0.56, 0.56 0.55, 0.55 0.55, 0.55 
(110) 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio for drawing past coagulation, c) 
Xc = crystallinity of polymer, d) fb = orientation of PVA unit cell crystals along the 
molecular b-axis, and e) XS = crystal size 
 
4.3.2.4. 4P10000 Gel Fiber Aged in MeOH/Water 
 The mechanical properties and microstructure of 4P10000 gels that were aged in 
MeOH/water are discussed in this section.  E′(f) values for 4P10000 gels aged in 
MeOH/water had increased gradually with frequency, as was observed for gels aged in 
MeOH (Figure 4.5 and 4.10).  Therefore, the gel network was not fully developed.  The 
stiffest gels were observed after 120 days of MeOH/water aging; gels aged for 155 days 
were slightly less stiff.  The stiffening of gels with aging time was also observed among 
samples aged in MeOH for up to 22 days.     
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 The counter-diffusion of solvent into the gel structure had weakened 4P10000 
gels in instances of MeOH aging for 30 days and MeOH/water aging for 155 days 
(Figure 4.5 and 4.10).  DMSO readily diffused from the gel after 1 day of MeOH/water 
aging; the total solvent content had been reduced by 65%.  After 120 days of aging, the 
counter-diffusion of water had swelled the PVA gel.  MeOH/water aging between 120-
155 days had resulted in further swelling and the infusion of pure water.  As a result, the 
E'(f) for gel aged for 155 days in MeOH/water had decreased slightly from the values 
reported for gel that was aged for 120 days (Figure 4.10).  (The loss modulus (E″(f)) of 








Figure 4.11. 4P10000 gel fibers aged in MeOH/water: a) TGA and b) DTGA at 10 
°C/min in nitrogen. 
 
 
 The Xc of 4P10000 gels that were aged in MeOH/water was characterized in 
Table 4.7 and Figure 4.12.  After 1 day of MeOH/water aging, the Xc of gel fibers 
increased from 8 to 44%; additional aging did not influence the crystallinity of gel fibers.  
In both instances, gel fibers were rich in water after 1 day of aging and onward.  The 
ordering of PVA chains within gels aged in MeOH and in MeOH/water was similar as 
well.  The WAXD analysis of gels aged in MeOH/water and their fibers (Table 4.6 and 
4.7) was further evidence that the three dimensional crystals within drawn PVA fibers 
had come from ordered sheets of PVA chains, wherein water molecules were intercalated 
between the chains.  The d-spacing of (101)/(101) (~0.45 nm) was also suggestive of 
water bound to ordered PVA within the gel and drawn fiber. 
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(100) 3, 3 5, 5 5, 5 5, 5 5, 5 












(100) 0.69, 0.69 0.76, 0.76 0.76, 0.76 0.76, 0.76 0.76, 0.76 
(110) - 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 







Figure 4.12. WAXD analysis of 4P10000 gel fibers with aging time a) 0, b) 1, c) 69, d) 
122, and e) 155 days in MeOH/water: 1) diffraction patterns, 2) integrated radial scans, 
equatorial scans (ai and ei), and meridonal scans (aii and eii). 
 
 The type of aging solvent was observed to affect the diffusion and counter-
diffusion of solvent within the gel over time.  The mechanical properties of precursor gel 
and drawn fibers were influenced by the solvent phase, namely water.  Ordered PVA 
chains, within as-spun and aged gels, had exhibited scattering that was mostly diffuse; 
nevertheless, the (101)/(101) and (111) planes of 4P10000/155MeOH/Water-Gel had 
exhibited preferential alignment, as observed for gel aged in MeOH (Figure 4.7 and 
4.12). 
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4.3.2.5. Drawn 4P10000 Fibers after Extensive Gel Aging in MeOH/Water  
 4P10000 gel was aged extensively in 50:50 MeOH/water at 10 °C.  Fiber was 
drawn from gels that were aged for 1 day and 18 months in MeOH/water.  DR for the as-
spun 4P10000 fiber had increased by a factor of two after 18 months of MeOH/water 
aging (Table 4.8 and Figure 4.13).  Further, the TS of the fibers had increased by one-
third, and these drawn fibers were more than twice as stiff after extensive gel aging.   
 The average diameter of 4P10000-18Ext fibers was smaller than the 4P10000-
1Ext fibers.  As observed in Figure 4.14, the circularity of drawn fibers had improved 
upon extensive gel aging in MeOH/water.  CI for drawn fibers increased from 0.76 to 
0.89. 
  
Table 4.8. Mechanical Properties of Drawn 4P10000 Fibers from Gels Extensively Aged 
in MeOH/Water. 
 
Sample Designation 4P10000-1Ext 4P10000-18Ext 
MeOH/Water Aging Time  1 Day 18 months 
JSR 
a)
 5.3 X 5.3 X 
DR 
b)
 4.0 X 8.0 X 
φf 
c)
 (µm) 30 ± 3 26 ± 4 
CI 
d)
 0.76 ± 0.07 0.89 ± 0.05 
TS
 e)
 (GPa) 0.85 ± 0.05 1.19 ± 0.09 
Maximum TS (GPa) 0.91 1.33 
TM 
f)
 (GPa) 10 ±  3 26 ± 4 
Maximum TM (GPa) 13 34 
Strain at Break (%) 7.3 ± 0.5 5.3 ± 1.1 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio for drawing past coagulation, c) 
φf = diameter of drawn fibers according to SEM micrographs, d) CI = circularity index of 







Figure 4.13. Stress-strain curves of drawn 4P10000 fibers from gels aged in MeOH/water 





Figure 4.14. Cross-sections of drawn 4P10000 fibers from gels aged in MeOH/water for 
a) 1 day and b) extensively aged for 18 months.  
 
 
 The Xc of drawn 4P10000-Ext fibers had increased by ≈6% as a result of gel fiber 
aging for 18 months (Table 4.9).  The orientation of PVA crystals and their planar 
spacings within drawn fibers were not influenced by gel aging.   
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Table 4.9. WAXD Characterization of Drawn 4P10000 Fibers from Gels Extensively  





a) JSR = jet stretch ratio, b) DR = cumulative draw ratio for drawing past coagulation, c) 
Xc = crystallinity of polymer, d) fb = orientation of PVA unit cell crystals along the 
molecular b-axis, and e) XS = crystal size. 
 
4.3.3. Aging PVA/SWNT Gel of PVA-8900 
4.3.3.1. Drawn PS4P10000 Fibers from Gel Aged in MeOH 
 PS4P10000 fiber was drawn from gel aged in 10 °C MeOH for 1 day.  The 
mechanical properties and geometry of fiber that was drawn from gel aged for 1 day will 
be discussed.  The TS and TM of drawn PS4P10000 fiber, having an average diameter of 
32 ± 2 µm, were 0.67 ± 0.05 GPa and 17 ± 1 GPa, respectively.  The DR for that fiber 
was 4.7 X.  The CI of the drawn PS4P10000-1MeOH fiber was 0.79 ± 0.09; fiber cross 
sections were shown in Figure 4.15.  
Sample Designation 4P10000-1Ext 4P10000-18Ext 
MeOH/Water Aging Time 1 Day 18 months 
JSR 
a)
 5.3 X 5.3 X 
DR 
b)
 4.0 X 8.0 X 
Xc
 c)
 (%) 56, 57 61, 63 
fb
 d)









(100) 9, 9 9, 8 
(001) 4, 4 5, 8 
(110) 9, 9 9, 9 












(100) 0.78, 0.78 0.78, 0.78 
(001) 0.55, 0.55 0.55, 0.55 
(110) 0.24, 0.24 0.24, 0.24 




Figure 4.15. Cross-sections of drawn PS4P10000 fibers from gels aged in MeOH for 1 
day. 
 
4.3.3.2. PS4P10000 Gel Fiber Aged in MeOH 
 The mechanical and thermal properties of PS4P10000 gels aged for 0, 1, and 30 
days in MeOH were included in this study.  This section has reported on the mechanical 
and thermal properties of those gels.  The structure of PVA crystals, composing those 
gels, has also been described.     
 The E'(f) of as-spun PS4P10000 gels increased after 1 day of aging in 10 °C 
MeOH (Figure 4.16).  (The loss modulus (E″(f)) of PS4P10000 gel fiber aged in MeOH 
is reported in Appendix C.)  Because as-spun PS4P10000 gel was prepared from polymer 
having a lower DP, its E'(f) was lower than the value reported for 4P10000, in spite of 
SWNT incorporation (Figure 4.5 and 4.16).  The weight ratio of SWNTs to PVA was 
much less than the DPw ratio of low DPw to high DPw PVA (0.25:99.75 and 1:1, 
respectively).  In studying the mechanical behavior of 4P10000 gels as a function of 
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MeOH aging time, the weight fraction of imbibed solvent appeared to influence the 
storage modulus of gel fibers.  TGA of PS4P10000 gels had revealed that the weight 
fraction of solvent within the gels aged for 1 and 30 days were simlar (Figure 4.17); as a 
result, the E'(f) of PS4P10000 gels were unaffected by gel aging time, and the values of 
v2 must be similar.  According to the DTGA of aged PS4P10000 gels, the composition of 
solvent within both gels differed, which was the result of DMSO diffusion from the gel 
and the counter-diffusion of MeOH into the gel.   
 
Figure 4.16. Storage modulus of PS4P10000 gel fibers aged in MeOH. 
132 
 
Figure 4.17. PS4P10000 gel fibers aged in MeOH: a) TGA and b) DTGA at 10 °C/min 
nitrogen.  
 
 It was further observed that the error associated with repeat tests of E'(f) were 
negligible for these PS4P10000 gels, in comparison to the error reported for 4P10000 
gels aged in MeOH (Figure 4.5 and 4.16).  The dispersion of CNTs within the gel 
microstructure appeared to aid the reproducibility of its dynamic mechanical behavior.  
As such, the mechanical behaviors of 4P10000 gels were less reproducible than 
composite gels of PS4P1000.  This cause of this behavior has been discussed in more 
detail and with the aid of WAXD analysis of PS4P10000 gels. 
 The Xc of PS4P10000 gels increased from ~8% to a range of 42 to 47% upon 
MeOH aging (Table 4.10).  These values of Xc were similar to those of 4P10000 gels that 
were aged in MeOH for up to 22 days (Table 4.4).  The ordering of PVA chains within 
PS4P10000 gels was also similar to those formed in 4P10000 gel upon MeOH aging.  
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Evidence for sheets of ordered PVA chains, having solvent intercalated between the 
monomer units of PVA, was also interpreted from the WAXD analysis of these 
PS4P10000 gels.  The packing of water molecules that have hydrogen bonded to PVA 
chains appeared to be denser within the as-spun PS4P10000 gel than for the as-spun 
4P10000 gel.  Therefore, SWNTs were believed to nucleate the ordering of PVA chains 
upon gelation within the spinning bath.  The ordering of PVA chains at the surface of 
SWNTs would also explain the improved reproducibility of composite gels over that of 
unfilled gels upon DMA testing (Figure 4.5 and 4.16).       
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 (100) 0.65, 0.64 0.77, 0.77 0.77, 0.77 
(110) - 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 
Crystal sizes were not reported for the 110 planes of low peak intensity. a) Xc = 





Figure 4.18. WAXD analysis of PS4P10000 gel fibers with aging time a) 0, b) 1, and c) 
30 days in MeOH: 1) diffraction patterns and 2) integrated radial scans. 
 
4.3.3.3. Drawn PS4P10000 Fibers from Gels Aged in MeOH/Water 
 Both the TS and TM of drawn PS4P10000 fibers had increased with gel aging for 
up to 219 days in 50:50 MeOH/water at 10 °C.  Drawn fiber of PS4P10000-
123MeOH/Water fibers was 66% stronger than drawn PS4P10000-1MeOH/Water fiber 
(Table 4.11).  The opposite behavior was observed among 4P10000 fibers aged in 
MeOH/water for 155 days; fiber became weaker with gel aging time (Table 4.5).  The DR 
of drawn PS4P10000-155MeOH/Water fiber (DR=6 X) was higher than value for drawn 
4P10000-155MeOH/Water fiber (DR=4 X).  The presence of SWNTs in aged gels had 
























Aging Time (Days) 
1 30 60 123 219 
JSR 
a)
 5.6 X 5.6 X 5.6 X 5.6 X 5.6 X 
DR 
b)
 3.9 X 4.3 X 4.7 X 6.1 X 5.5 X 
φf 
 c)
 (µm)  37 ± 3 33 ± 3 34 ± 3 29 ± 4 29 ± 2 
CI 
d)
 0.64 ± 0.09 0.70 ± 0.12 0.76 ± 0.08 0.84 ± 0.09 0.83 ± 0.07 
TS 
e)
 (GPa) 0.54 ± 0.03 0.70 ± 0.10 0.54 ± 0.05 0.95 ± 0.06 0.87 ± 0.10 
Maximum TS (GPa) 0.63 0.82 0.60 1.06 1.12 
TM 
f)
 (GPa) 13 ± 1 11 ± 1 11 ± 1 19 ± 2 22 ± 3 
Maximum TM (GPa) 14 13 13 22 26 
Strain at Break (%) 5.4 ± 0.5 4.4 ± 0.6 5.1 ± 0.5 5.9 ± 0.7 5.0 ± 0.6 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio for drawing past coagulation, c) φf = diameters of drawn fibers according to 
SEM micrographs, d) CI = circularity index of drawn fibers according SEM micrographs, e) TS = tensile strength, and f) TM = tensile 
modulus.  *Samples drawn with 4 stages of elevated temperature drawing; all other samples were drawn cold, coagulated in MeOH 






Figure 4.19. Cross-sections of drawn PS4P10000 fibers from gels aged in MeOH/water 








 The diameter of drawn PS4P10000 fibers decreased from 37 µm to 29 µm as the 
DR increased (from 4 to 6 X) with aging time up to 123 days.   The error associated with 
CI values for drawn PS4P10000-MeOH/Water fibers (Table 4.11) was much less than the 
error observed for drawn 4P10000-MeOH/Water fibers (Table 4.5). 
Thermograms of drawn PS4P10000 fibers (Figure 4.20) had also revealed the 
enthalpic relaxation of PVA subsequent to solvent evaporation, as observed for 4P10000 
fibers (Figure 4.9).  The enthalphic relaxation of polymer chains had occurred at 
increasingly higher temperatures with aging time.  Furthermore, the breath and height of 
the first endothermic peak increased with aging up to 219 days (Figure 4.20a). 
 The Tm values of drawn PS4P10000 fibers were lower than those observed for 
drawn 4P10000 fibers.  The PS4P10000 dispersion contained polymer that had a lower 
value of DPw, as discussed in Chapter 3.  The DPw of the polymer may have reduced the 
Tm.  As the DR of PS4P10000 fibers had improved with gel aging, the peak melting 
temperature of drawn fibers had also increased.  The Tm of fibers that were drawn from 
gels aged for 123-219 days had shifted to higher temperatures.  Broad peaks for 
crystalline melting were observed; a high temperature shoulder along the prominent peak 
could be observed in most instances of drawn PS4P10000 fiber (Figure 4.20).             
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Figure 4.20. MDSC thermograms of drawn PS4P10000 fibers from gels aged in 
MeOH/water: a) NR-heat capacity, b) R-heat capacity for i) 0-200 °C and ii) 150-300 °C, 
and c) total heat capacity from tests in nitrogen.  
 
 The orientation of PVA crystals along the fiber axis had increased slightly with 
the value of DR for PS4P10000 fibers (Table 4.12).   Drawn PS4P10000 fibers exhibited 
Xc values of 55-60%.  The dimensions of ordered PVA, along the (001) and (110) planes, 
had enlarged with aging time.  Drawn PS4P10000 fibers, from gels aged for 123 and 219 
days in MeOH/water, exhibited the greatest amount of crystal growth along the (100), 
(110), and (111) planes (Table 4.12).  These fibers also exhibited the highest Tm values 
and range of high temperature melting.    
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Aging Time (Days) 
1 30 60 123 219 
JSR 
a)
 5.6 X 5.6 X 5.6 X 5.6 X 5.6 X 
DR 
b)
   3.9 X 4.3 X 4.7 X 6.1 X 5.5 X 
fb
 c)














(100) 8, 8 7, 7 7, 8 9, 9 9, 9 
(001) 8, 8 7, 6 7, 7 5, 5 6, 6 
(110) 8, 7 7, 7 7, 8 10, 9 9, 9 












(100) 0.78, 0.78 0.78, 0.78 0.78, 0.78 0.79, 0.79 0.79, 0.78 
(001) 0.56, 0.56 0.56, 0.56 0.56, 0.56 0.55, 0.55 0.55, 0.55 
(110) 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio, c) Xc = crystallinity of polymer, d) fb = orientation of PVA unit cell crystals 




4.3.3.4. PS4P10000 Gels Aged in MeOH/Water 
 The E'(f) of PS4P10000 gels were reported in Figure 4.21 as a function of gel 
aging time in 10 °C MeOH/water.  (The loss modulus (E″(f)) of PS4P10000 gel fiber 
aged in MeOH/water is reported in Appendix C.)  After 1 day of gel fiber aging, E'(f) had 
increased.  Additional aging in MeOH/water did not influence the storage modulus of gel 
fibers.   
 Although the composition of solvent within PS4P10000 gels had varied 
significantly with MeOH/water aging (Figure 4.22); however, the E'(f) did not exhibit 
any dependency with aging for >1 day.  The error between repeat DMA runs was less for 
PS4P10000 as-spun and MeOH/water aged gels than for gels of 4P10000 (Figure 4.10 
and 4.21).  Therefore, the incorporation of SWNTs added stability to as-spun and aged 
gels.  In spite of SWNT incorporation at 0.25 wt.%, network formation within 
PS4P10000 gel was not improved, as noted by the increasing values E'(f) with frequency.  
   
Figure 4.21. Storage modulus of PS4P10000 gels aged in MeOH/water. 
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Figure 4.22. PS4P10000 gel fibers aged in MeOH/water: a) TGA and b) DTGA at 10 
°C/min in nitrogen. 
 
  As observed for 4P10000 as-spun gel, ~85 % of the PS4P10000 gel was solvent 
(Figure 4.11a and 4.22a).  Upon gel aging in MeOH/water, pure DMSO of high 
evaporation temperature (189 °C) had readily left the microstructure of PS4P10000 gel.  
Nevertheless, weight loss between 125-150 °C (Figure 4.22b) was representative of 
DMSO/water complexes (Figure 2.4).  As gel fiber was aged from 30-123 days in 
MeOH/water, DMSO/water complexes had diffused in and out of the gel microstructure.  
After 219 days of MeOH/water aging, the weight fraction of solvent was reduced to 30% 
of the PS4P10000 gel.  Most of the DMSO/water phase had diffused out of the gel 
microstructure, and the water-rich phase had remained.            
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0 1 30 60 123 219 
Xc
 a) 








(100) 2, 2 5, 5 5, 5 5, 5 4, 5 5, 5 








 (100) 0.65, 0.64 0.76, 0.76 0.76, 0.76 0.77, 0.77 0.77, 0.77 0.77, 0.77 
(110) - 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 






Figure 4.23. WAXD analysis of PS4P10000 gel fibers with aging time a) 0, b) 1, c) 30, d) 
60, e) 123, and f) 218 days in MeOH/water: 1) diffraction patterns and 2) integrated 
radial scans. 
 
 The values of Xc within PS4P10000 gel fibers were similar to the values from 
4P10000 gels that were aged in MeOH/water (Table 4.7 and 4.13).  In both cases, the 
overall crystallinity did not change with aging time; rather these values remained between 
40-46% up to 219 days of aging.  The geometry of ordered PVA within these PS4P10000 
gels was similar to those within 4P10000 gels that were also aged in MeOH/water.   
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 The WAXD analysis, of these gels was suggestive of ordered PVA chains that 
had hydrogen bonded to water.  The d-spacing values for the (100) planes had increased 
from 0.65 to 0.76 upon MeOH/water aging. The d-spacing values for the (101)/(101) 
planes in gel (Figure 4.23) and drawn fibers (not shown) was ~0.45 nm.  Therefore, the 
PVA within the crystalline phase of drawn fibers must also exhibit hydrogen bonding 
with water, as well.     
4.3.4. Aging Gels of PVA-4000 
4.3.4.1. Drawn 10P4000 Fibers from Gels Aged in MeOH/Water 
 The tensile properties of 10P4000 fibers that were drawn from gels aged in 50:50 
MeOH/water at 10 °C are reported in Table 4.14.  After 1 day of gel aging, the TS of 
drawn fiber equaled 0.7 GPa.  Fibers drawn from gels that were aged for 16-120 days in 
MeOH/water had exhibited TS values of 1-1.5 GPa.  No further improvement in the TS of 
drawn 10P4000 fibers was observed after 152 days of gel aging.  The morphologies of 
fibers that were drawn from 10P4000 had the appearance of ovals or circles (Figure 
4.24).   The CI values of the strongest fibers were ≈0.9 (Table 4.14). 
 MDSC thermograms of drawn 10P4000 fibers had revealed the enthalpic 
relaxation of polymer chains; this transition was observed among fibers that were drawn 
from gels aged for at least 16 days in MeOH/water (Figure 4.25a).  Enthalpic relaxation 
was recognized as the low temperature shoulder along the prominent endothermic peak 
that ranged between 25-150 °C.  This behavior of enthalpic relaxation was also observed 
































1 15 46 60 120 120 152 
JSR 
a)
 11.5 X 11.5 X 11.5 X 11.5 X 11.5 X 11.5 X 11.5 X 
DR 
b)
 4.5 X 5.9 X 6.0 X 5.4 X 5.5 X 5.3 X 5.6 X 
φf  
c)
 (µm)  33 ± 3 36 ± 5 32 ± 5 34 ± 5 30 ± 4 32 ± 4 33 ± 6 
CI 
d)
 0.92 ± 0.05 0.84 ± 0.04 0.88 ± 0.06 0.83 ± 0.06 0.88 ± 0.05 0.91 ± 0.05 0.93 ± 0.04 
TS 
e)
 (GPa) 0.58 ± 0.06 0.84 ± 0.14 1.11 ± 0.12 0.79 ± 0.12 1.15 ± 0.22 0.89 ± 0.15 0.65 ± 0.10 
Maximum TS 
(GPa) 
0.68 0.98 1.26 0.96 1.46 1.19 0.78 
TM
  f)
 (GPa) 19 ± 5 15 ± 2 19 ± 2 14 ± 2 14 ± 2 12 ± 3 12 ± 2 
Maximum TM 
(GPa) 
24 18 21 18 17 20 16 
Strain at 
Break (%) 
6.2 ± 1.7 6.2 ± 1.0 4.6 ± 0.5 4.8 ± 0.6 5.8 ± 1.0 6.0 ± 0.6 6.1 ± 0.4 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio, c) φf = diameters of drawn fibers according to SEM micrographs, d) CI = 
circularity index of drawn fibers according SEM micrographs, e) TS = tensile strength, and f) TM = tensile modulus. *Samples drawn 
with 4 stages of elevated temperature drawing; all other samples were drawn cold, coagulated in10 °C MeOH for 1 day, and then 





Figure 4.24. Cross-sections of drawn 10P4000 fibers from gels aged in MeOH/water for 
a) 1, b) 16, c) 46, d) 60, and ei) 120 days with cold drawing, eii) 120 and f) 152 days 
without cold drawing stage. 
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Figure 4.25. MDSC thermograms of drawn 10P4000 fibers from gels aged in 
MeOH/water: a) NR-heat capacity, b) R-heat capacity for i) 0-200 °C and ii) 150-300 °C, 
and c) total heat capacity from tests in nitrogen.  *Samples drawn with 4 stages of 
elevated temperature drawing; all other samples were drawn cold, coagulated in MeOH 
for 1 day, and then drawn at elevated temperatures.  
 
 The prominent Tevap1 peak resulted from the evaporation of water from PVA-
based fibers (as discussed previously in Chapter 2).  Although the fibers were spun from 
PVA solutions of DMSO/water, most of the thermograms did not give much evidence of 
a DMSO-rich phase (Figure 4.25a).  Fiber drawn from 10P4000 gel that was aged for 152 
days in MeOH/water had the most intense peak for water evaporation.  This transition 
implied the presence of pure water within the drawn fiber, which had not hydrogen 
bonded with PVA and exhibited water evaporation at temperatures >100 °C.  The excess 
of unbound water within sample 10P4000-152MeOH/water would explain the low values 





























Aging Time (Days) 
1 16 46 60 120 120 152 
JSR 
a)
 11.5 X 11.5 X 11.5 X 11.5 X 11.5 X 11.5 X 11.5 X 
DR 
b)
   4.5 X 5.9 X 6.0 X 5.4 X 5.5 X 5.3 X 5.6 X 
fb 
c)
 0.86, 0.87 0.85, 0.84 0.86, 0.86 0.87, 0.85 0.85, 0.85 0.84, 0.85 0.85, 0.85 
Xc 
d)









(100) 8, 8 7, 7 7, 7 7, 7 7, 7 7, 7 7, 7 
(001) 9, 9  8, 7  7, 7 6, 7  7, 5  9, 8  6, 8  
(110) 9, 9 8, 8 8, 8 7, 7 8, 8 8, 8 5, 7  









(100)  0.79, 0.79    0.78, 0.78   0.79, 0.79    0.78, 0.78    0.78, 0.78    0.78, 0.78    0.78, 0.78   
(001) 0.55, 0.55 0.55, 0.55 0.56, 0.56 0.56, 0.56 0.55, 0.55 0.56, 0.56 0.56, 0.56 
(110) 0.24, 0.24  0.24, 0.24  0.24, 0.24  0.24, 0.24  0.24, 0.24  0.24, 0.24  0.24, 0.24  
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22  0.22, 0.22  
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio for drawing past coagulation, c) Xc = crystallinity of polymer, d) fb = 
orientation of PVA unit cell crystals along the molecular b-axis, and e) XS = crystal size. 
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 Broad peaks, in the range of 210-225 °C, represented the melting of crystalline 
PVA (Figure 4.25b).  The most intense peak was observed among fibers that were drawn 
from gels aged for 152 days.  The heat capacity of crystalline melting within 10P4000-
152MeOH/Water fiber was suggestive of a high degree of crystallinity, even more than 
within other samples of drawn 10P4000 fiber.  Based on the WAXD analysis, this sample 
was observed to have a Xc value that was similar to other drawn fibers (52-59% in Table 
4.15).  The drying of this fiber within the DSC instrument was believed to have prompted 
the crystallization of PVA.  The overall crystallinity of PVA is known to increase upon 
drying.[36, 157]  The transition for crystalline melting began at ~175 °C (in Figure 4.25).     
 The orientation of PVA crystals ranged between fb values of 0.84-0.86; fb did not 
vary with MeOH/water aging time or DR.   
 The as-spun 10P4000 gels were not as stiff as the as-spun 4P10000 gels (Figure 
4.10 and 4.26).  Therefore, the  E'(f) of PVA gel was influenced by the polymer’s DP.  
The E'(f) of 10P4000 gels did not plateau with frequency, which was indicative of an 
imperfect network.  The E'(f) values for gels aged from 1-45 days were similar, but the 
values of E'(f) increased gradually with MeOH/water aging from 45-60 days (Figure 
4.26).  From 60-122 days of MeOH/water aging, the values of E'(f) had decreased.   (The 
loss modulus (E″(f)) of 10P4000 gel fiber aged in MeOH/water is reported in Appendix 




 According to the TGA plots in Figure 4.27a, the overall mass of imbibed solvent 
had decreased with MeOH/water aging up to 60 days; this behavior coincided with the 
gradual increase in gel stiffness (Figure 4.26).  The mass of solvent within the gel 
microstructure had increased by ~25% between 60-120 days of MeOH/water aging. 
Water had diffusion back into the gel microstructure, as determined from the DTGA plots 
(Figure 4.27b).  As discussed earlier, the storage modulus of gels aged for 120 days was 








Figure 4.27. 10P4000 gel fibers aged in MeOH/water: a) TGA and b) DTGA at 10 
°C/min in nitrogen. 
  
  
 The differential weight loss curves had shifted to the left with aging times up to 
60 days (Figure 4.27); this behavior was indicative of DMSO diffusion from the gel 
microstructure.  The counter-diffusion of DMSO/water into the gel microstructure 
occurred between 120-152 days of MeOH/water aging.  Interestingly, the NR-heat 
capacity curve of drawn 10P4000-155MeOH/Water fiber did not exhibit transitions that 
were indicative of DMSO/water and/or DMSO evaporation from drawn fibers (130-200 
°C in Figure 4.25a).  DMSO/water complexes were probably removed during the process 
of placing gels aged in MeOH/water into MeOH for 1 day before heat-drawing (see 
Experimental Section).  Since DMSO/water complexes were not bound to the PVA chain 
by hydrogen bonding, they were easily removed from the microstructure of 10P4000.         
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 The ordering of PVA chains within 10P4000 gels was similar to that within 
4P10000 gels that were also aged in MeOH/water (Table 4.7 and 4.16).  The crystal sizes 
of gels along the (100) planes were XS≈2 nm in the as-spun gel and XS≈5 nm for 
MeOH/water aged gels.  As in 4P10000 and PS4P10000 gel structures, PVA chains 
within sample 10P4000 were organized into two-dimensional sheets.  Diffraction has 
been detected from (100) planes and the (110) plane, which was perpendicular to the 
molecular axis of PVA chains.  The d-spacing of (100) plane in as-spun gel fiber was 
~0.66 nm.  Within aged gels, the d-spacing of the (100) plane was 0.76 nm.  Organized 
chains were hydrogen bonded to solvent rather than other chains of PVA within the as-
spun gel.  After 1 day of aging, intermolecular bonding had occurred between the PVA 
chains.  The d-spacing for (101)/(101) was represented by values of ~0.45 nm within the 
gel (Figure 4.28) and drawn fibers (not shown); this value of d-spacing was indicative of 
solvent within the PVA lattice.  The intercalating solvent was likely to be water since it is 
a hydrogen donor and acceptor.  DSC thermograms (Figure 4.23a) confirmed the 
presence of water, but not DMSO.  This behavior suggests DMSO was not bound to 
amorphous or ordered polymer but rather water.     
 According to Figure 4.28, upon 10P4000 aging in MeOH/water, the (101)/(101) 
and (111) planes within gel fiber that was aged for 122 days had exhibited preferential 
alignment along the equatorial and meridonal planes, respectively.  This behavior was 
also attributed to changes in the v2 and Q parameters of gels (as also observed for 






























Gel Aging Time 
(Days) 
0 1 15 46 60 122 152 
Xc
 a) 







) (100) 2, 3 5, 5 5, 5 5, 5 5, 5 5, 5 5, 5 












(100) 0.63, 0.70 0.76, 0.76 0.76, 0.76 0.76, 0.76 0.76, 0.76 0.76, 0.76 0.77, 0.77 
(110) - 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 








Figure 4.28. WAXD analysis of 10P4000 gel fibers with aging time a) 0, b) 1, c) 15, d) 
46, e) 60, f) 122, and g) 152 days in MeOH/water: 1) diffraction patterns, 2) integrated 
radial scans, equatorial scans (ai and fi), and meridonal scans (aii and fii). 
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4.3.5. Aging PVA/FWNT Gels of PVA-3700 
4.3.5.1. Drawn PF10P4000 Fibers from Gels Aged in Solvent  
 Composite gels were spun from PF10P4000 and aged in 10 °C solvents of MeOH 
and 50:50 MeOH/water.  The mechanical properties of PF10P4000 fibers that were 
drawn from gels aged in both solvents were described in Figure 4.29, Table 4.17, and 
Table 4.18.   The strongest fibers were drawn from PF10P4000 gels that were aged in 
either MeOH or MeOH/water for ≥215 days (Figure 4.29).  The highest values of TS 
were 1.0 ± 0.08 and 1.3 ± 0.11 GPa for fibers drawn from gels aged in MeOH and 
MeOH/water, respectively.  The TS of fibers that were drawn from gels aged for 264 days 
in MeOH had drastically decreased to 0.58 ± 0.06 GPa.  The TM of PF10P4000 fibers 
that were drawn from gels aged in MeOH/water had increased from 12 to 28 GPa, as the 
aging time increased from 122 to 265 days. 
 
Figure 4.29.  Stress-strain curves of PF10P4000 fibers drawn from gels aged in a) MeOH 
and b) MeOH/water. 
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1 120 219 264 
JSR
 a)
 10.6 X 10.6 X 10.6 X 10.6 X 
DR
 b)
 7.3 X 7.0 X 8.7 X 8.0 X 
φf 
c)
 (µm) 31 ± 2 33 ± 3 26 ± 3 33 ± 3 
CI
 d)
 0.93 0.94 0.88 - 
TS 
e)
 (G Pa) 0.70 ± 0.07 0.75 ± 0.07 1.01 ± 0.08 0.58 ± 0.06 
Maximum TS (GPa) 0.81 0.83 1.21 0.71 
TM 
 f)
 (GPa) 13 ± 1 20 ± 1 22 ± 3 14 ± 2 
Maximum TM (GPa) 15 22 27 18 
Strain at Break (%) 5.6 ± 1.7 5.3 ± 0.5 5.3 ± 0.4 4.8 ± 0.3 
 


















1 122 215 265 
JSR
 a)
 10.6 X 10.6 X 10.6 X 10.6 X 
DR 
b)
 6.9 X 4.9 X 8.4 X 8.0 X 
φf  
c)
 (µm) 29 ± 3 32 ± 8 23 ± 2 25 ± 3 
CI
  d)
 0.74 0.90 0.83 0.92 
T 
e)
 (GPa) 0.87 ± 0.10 0.70 ± 0.11 1.33 ± 0.11 1.24 ± 0.11 
Maximum TS (GPa) 1.02 0.92 1.50 1.40 
TM 
f)
 (GPa) 12 ± 2 12 ± 2 21 ± 2 28 ± 2 
Maximum TM (GPa) 15 17 24 32 
Strain at Break (%) 6.1 ± 0.5 5.3 ± 1.8 5.8 ± 0.5 5.5 ± 0.5 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio, c) φf = diameters of drawn fibers 
according to SEM micrographs, d) CI = circularity index of drawn fibers according SEM 
micrographs, e) TS = tensile strength, and f) TM = tensile modulus.  *Samples drawn 
with 4 stages of elevated temperature drawing; all other samples were drawn cold, 




 The geometries of drawn PF10P4000 fibers were described in Table 4.17, 4.18, 
and Figure 4.30.  The geometry of fibers drawn from gels aged in MeOH were fairly 
circular; CI indexes were consistently around 0.9 for those prepared from gels aged in 
MeOH for up to 215 days.  Drawn fibers of PF10P4000-263MeOH featured a void, 
which had likely formed within the aging bath. The outer diameter of these fibers was 
larger than those from fibers prepared from other gels aged in MeOH, which resulted in 
low tensile properties.   
 The circularity of fibers that were drawn from gels aged for 122 days in 
MeOH/water had improved from 0.76 to 0.90; however, the distribution of fiber cross 
sections were less uniform.  Peppas et al. have attributed this phenonmenon of 
anomaolous swelling within PVA hydrogels to the occurrence of solvent diffusion 
juxtaposed to polymer relaxation.[36]  The DR of fibers drawn from aged gels increased 
from 5 to 8 X after 122 to 215 days of MeOH/water aging.  Drawn PF10P4000-
215MeOH/Water fibers were fairly circular (having a CI of 0.83), and their diameters 
were smaller than that of the drawn PF10P4000-122MeOH/Water fibers.  The resulting 
TS and TM of fiber drawn from gel that was aged for 215 days in MeOH/water were 1.33 
GPa and 22 GPa, repectively (Table 4.18).  The TM of drawn PF10P4000-
265MeOH/Water fibers was 28 GPa although its TS was slightly less than the value 
reported for PF10P4000-215MeOH/Water. The CI index of PF10P4000-




Figure 4.30. Cross-sections of PF10P4000 fibers drawn from gels aged in MeOH for        




The distribution of carbon nantoubes, within the fracture tip and cross section of 
PF10P4000-215MeOH/Water fiber, is shown in Figure 4.31.  FWNTs appeared to be 
well distributed within the matrix polymer, which is an important feature for polymer 
reinforcement.  FWNTs, protruding from the cross section of drawn PF10P4000-
215MeOH/Water fiber, lay in the direction of shearing.  Fibrils of coated FWNTs had a 




Figure 4.31. SEM characterization of FWNTs within PF10P4000 fiber drawn from gel 
aged in MeOH/water for 219 days at the a) fracture tip and b) microtomed fiber cross 
section; aii) and bii) are high resolution images of areas shown in ai) and bi), 
respectively.  
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 Fibers drawn from PF10P4000 gels were also characterized with MDSC.  
Thermograms of fibers drawn from gels that were aged in MeOH and MeOH/water 
solutions were shown in Figure 4.32.   The behaviors of solvent evaporation and chain 
relaxation were observed in the NR-heat capacity thermograms.  The prominent peaks 
within the NR-heat capacity thermograms were due to the evaporation of water-rich 
phases.  Peaks associated with Tevap1 shifted to lower temperatures and/or had reduced in 
size as fibers were drawn from gels aged in MeOH or MeOH/water for ≥120 days.  The 
content of unbound water was also reduced upon solvent aging for ≥120 days.  Evidence 
of the DMSO-phase, having temperatures ranging between 125-200 ºC, was observed at a 
far lesser extent.  Enthalpic relaxation was observed among fibers that were drawn from 
gels aged in MeOH for up to 263 days and in MeOH/water for 215-265 days.  This 
behavior was represented by the low temperature shoulder along peak Tevap1.   
 Fibers that were drawn from gels aged for ≥215 days in solvent exhibited a double 
melting peak or a high temperature shoulder along the more prominent melting peak 
(Figure 4.32aii and bii).  Fibers that were drawn from gels aged for ≤122 days in solvent 
exhibited a single melting peak, whose Tm was lower than that of the high temperature 
shoulders/peaks observed in the aforementioned fibers.  The peaks and shoulders that 
were indicative of high melting temperature crystals were indicative of two different 
phases of crystalline polymer.  The drawing of PVA composites to higher values of DR 
and along FWNT-templates was believed to induce PVA conformations that were 
conducive to high melting temperatures. 
Drawn PF10P4000 fibers exhibited values of Xc between 53-58%, according to 
Tables 4.19 and 4.20.  The largest PVA crystals were among PF10P4000 fibers that were 
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drawn from gels aged for 215 and 265 days in either MeOH or MeOH/water.  The DR 
values of those fibers ranged from 8.0 to 8.7 X.  The orientation of PVA crystals within 
PF10P4000 fibers that were drawn from gels aged in MeOH/water was consistently 
higher than those reported from gels aged in MeOH (~0.9 and 0.83-0.86, respectively). 
 
 
Figure 4.32. MDSC thermograms of PF10P4000 fibers drawn from gels aged in a) 
MeOH and b) MeOH/water: i) NR-heat capacity and ii) total heat capacity from tests in 
nitrogen. 
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  JSR
 a)
 10.6 X 10.6 X 10.6 X 10.6 X 
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b)
 7.3 X 7.0 X 8.7 X 8.0 X 
Xc 
c)
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) (100) 8, 7 7, 7 9, 9 9, 8 
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(100) 0.78, 0.78 0.78, 0.78 0.78, 0.78 0.78, 0.78 
(001) 0.56, 0.56 0.56, 0.56 0.56, 0.56 0.56, 0.56 
(110) 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.24 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio, c) Xc = crystallinity of polymer, 
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JSR
 a)
 10.6 X 10.6 X 10.6 X 10.6 X 
DR 
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  6.9 X 4.9 X 8.4 X 8.0 X 
Xc 
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) (100) 8, 9 7, 7 8, 8 8, 8 
(001) 5, 4 4, 6 4, 4 10, 7 
(110) 8, 9 7, 7 9, 9 9, 9 












(100) 0.78, 0.78 0.78, 0.78 0.79, 0.79 0.79, 0.79 
(001) 0.55, 0.55 0.56, 0.56 0.55, 0.55 0.55, 0.55 
(110) 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22 ± 0.22 0.22 ± 0.22 0.22 ± 0.22 0.22, 0.22 
 
a) JSR = jet stretch ratio, b) DR = cumulative draw ratio, c) Xc = crystallinity of polymer, 
d) fb = orientation of PVA unit cell crystals along the molecular b-axis, and e) XS = 
crystal size. 
 
4.3.5.2. PF10P4000 Gels Aged in Solvent 
 PF10P4000 gels were aged in solvents of MeOH and MeOH/water.  Aging times 
within both solvents were similar to compare the effects of solvent aging on mechanical 
performance (Figure 4.33) and gel structure.   
The E'(f) of gels aged in MeOH and MeOH/water is reported in Figure 4.33.  The 
loss modulus (E″(f)) of PF10P4000 gel fiber aged in MeOH and in MeOH/water is 
reported in Appendix C.  The error that has been observed between repeat tests was much 
less for PF10P4000 gels than for 10P4000 gels that were aged in MeOH/water (Figure 
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4.26 and 4.33).  Similar behaviors were observed for the mechanical responses of 
PS4P10000 gels versus that of the 4P10000 gels (Figure 4.10 and 4.21).  The presence of 
FWNTs in gels (at 0.24 wt.% of the polymer) appeared to stabilize the gel structures and 
make them more reproducible.  PF10P4000 was a blend of sonicated and unsonicated 
PVA-4000.  Since the DPwb for PF10P4000 was less than the DPwb for 10P4000, the as-
spun gel of PF10P4000 was not as stiff as-spun gel 10P4000.  The E'(f) of PF10P4000 
gels had increased by several orders of magnitude after 1 day of solvent aging.  Overall, 
gels that were aged in MeOH were stiffer than gels aged in MeOH/water for similar 
periods of time.  The E'(f) from PF10P4000 gels that were aged in MeOH had increased 
with aging time.  In contrast, the E'(f) from gels that were aged in MeOH/water for up to 
218 days had mostly overlapped, except at high frequencies.  Between 218-264 days, the 
storage modulus of gel aged in MeOH/water decreased slightly. 
The solvent content decreased with MeOH aging time (Figure 4.34a), but E'(f) 
had increased (Figure 4.33a).  As-spun gel consisted of ~85% solvent, which had reduced 
to ~12% after 1 day of MeOH aging.  Gels aged in MeOH for 218-263 days contained 8 
% solvent.  The E'(f) for PF10P4000 gel that was aged for 263 days was slightly higher 
than the value reported for gels that were aged in MeOH for 218 days.  Therefore, the 
volume fraction of polymer was expected to be slightly higher within the gel aged for 263 








Figure 4.34. TGA of PF10P4000 gel fibers aged in a) MeOH and b) MeOH/water at 10 
°C/min in nitrogen. 
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Overall, the weight fraction of solvent within gels aged in MeOH/water was 
considerablly more than the amount of solvent remaining in gels aged in MeOH.   As 
discussed in Chapter 1, the swelling ratio (Q in equation 1.2-1.4) influenced the storage 
modulus of gel fiber, such that increasing amounts of imbibed solvent would adversely 
influence the storage modulus of gel fiber.  In agreement with this relationship, the values 
of E'(f) for gels aged in MeOH/water was less than the value reported for gels that were 
aged in MeOH and for a similar period of time.  The content of solvent within as-spun 
PF10P4000 gels was reduced by only 10% after 1 day of MeOH/water aging.  The weight 
fraction of unbound water within the PF10P4000 gels was shown to increase upon gel 
aging from up to 120 days in MeOH/water.  The increase of unbound water was also 
observed within Tevap1 peak for drawn fibers (in Figure 4.32b1).  The weight fraction of 
solvent had decreased from 33 to 44 % with additional aging from 215-265 days (Figure 
4.34b).  As a result, the storage modulus of PF10P4000 gels had decreased with aging 
from 215-264 days; this behavior was most obvious at higher frequencies. 
PVA crystals within PF10P4000 gels are described in Table 4.21 and 4.22 and 
Figure 4.35 and 4.36.  The PF10P4000 gels aged in MeOH/water were slightly less 
crsytalline (38-42%) than gels aged in MeOH (44-47%).  Drawn fibers were 10-12% 
more crystalline than aged gel fibers and 45% more crystalline than as-spun gel fibers.  
The ordering of PVA chains within PF10P4000 gels was independent of aging solvent.   
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(100) 0.62, 0.62 0.76, 0.76 0.76, 0.76 0.76, 0.76 0.76, 0.76 
(110) - 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
  
Crystal sizes were not reported for the (110) planes of low peak intensity. a) Xc represents 
the crystallinity of gel fiber and b) XS stands for crystal size 
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(100) 0.62, 0.62 0.76, 0.76 0.76, 0.76 0.76, 0.76 0.77, 0.77 
(110) - 0.24, 0.24 0.24, 0.24 0.24, 0.24 0.24, 0.24 
(111) 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 0.22, 0.22 
 
Crystal sizes were not reported for the (110) planes of low peak intensity. a) Xc represents 
the crystallinity of gel fiber and b) XS stands for crystal size. 
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1)  2)  
 
Figure 4.35. WAXD analysis of PF10P4000 gels aged in MeOH for a) 0, b) 1, c) 15, d) 
122, e) 215, and f) 256 days: 1) diffraction patterns, 2) integrated radial scans, equatorial 
scans (ai and ci) and meridonal scans (aii and cii). 
 
1)    2)  
 
Figure 4.36. WAXD analysis of PF10P4000 gels aged in MeOH/water for a) 0, b) 1, c) 
122, d) 215, and e) 256 days: 1) diffraction patterns, 2) integrated radial scans, equatorial 
scans (ai and ci), and meridonal scans (aii and cii). 
  
 The dimensions of ordered PVA, along the a-axis and planes perpendicular to the 
b-axis of PF10P4000 gels, were independent of aging solvent.  The XS for (100) planes 
were ~5 nm for aged PF10P4000 gels.  As observed in the study of other gels, the d-
spacing for (100) planes gradually increased from 0.62 to ~0.76 nm after ≥1 day of gel 
aging.  Diffraction from (001) planes was not detected; therefore, PF10P4000 gels were 
also believed to consist of PVA chains that were arranged in the form of ordered sheets.   
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 The hydrogen bonding of PVA chains to solvent molecules would hinder inter-
chain hydrogen bonding (along the c-axis of the Bunn unit cell in Figure 1.1). The d-
spacing within the as-spun gel was suggestive of solvent molecules that were tightly 
bounded to PVA chains within CNT composite gels than within neat gels.  The d-spacing 
of (100) planes within as-spun gels of 10P40000 and PF104000 was 0.62 nm and 0.68 
nm, respectively.  The d-spacing for (100) planes had increased to 0.76-0.79 nm within 
aged gels and drawn fibers.  Values that were closer to 0.79 nm were indicative of 
hydrogen bonding between PVA chains.  The d-spacing for the (101)/(101) diffraction 
peak was ≈0.45 nm for organized PVA in PF10P4000 gels (Figure 4.35 and 4.36) and 
fibers drawn from aged gels.  These widths were indicative of solvent within the PVA 
lattice and hydrogen bonding between PVA chains and solvent, namely water.  As a 
result of PF10P4000 gel aging in MeOH and MeOH/water, the (101)/(101) and (111) 
planes had a slight preference for alignment along the equatorial and meridonal planes.        
4.3.6. Stiffening of 10P4000 and PF10P4000 Fibers 
 Samples of drawn 10P4000-120MeOHWater and PF10P4000-215MeOHWater 
fiber were vacuum dried at 85°C for 1 day and then annealed at 210 and 220 °C, 
respectively, at feed and take-up rates of 5 m/min.  The objective of this trial was to 
improve the modulus of fibers having residual solvent.  As a result of further processing, 
the TS of 10P4000-120MeOH/water fiber had decreased from 0.89 ± 0.15 to 0.59 ± 0.05 
GPa, but the TM of that fiber had increased from 12 ± 3 to 17 ± 2 GPa.  A similar 
behavior was observed for drawn PF10P4000-215MeOH/Water fiber after processing, in 
which the TS had decreased, but the TM had increased.  The TS, TM, and strain at break 
for drawn PF10P4000-215MeOH/Water fibers, after further processing, was 1.06 ± 0.08 
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GPa, 33 ± 2 GPa, and 5.1 ± 0.4%.  The representative stress-strain behaviors for 
PF10P4000 fibers (before and after stiffening) are featured in Figure 4.37. 
 The Xc of PF10P4000 fiber was not affected by processing; the reported value was 
Xc=55%.  Nevertheless, the crystalline orientation for PF10P4000 fiber decreased after 
the heat treatment from ~0.91 to 0.88.  The relaxation of crystalline polymer had likely 
occurred upon the use of the high temperature treatment.  As a result, the TS value of the 
PVA/FWNT fiber decreased slightly.  Although TM values of the 10P4000 and 
PF10P4000 fibers increased after processing, the PVA/FWNT fiber exhibited a greater 
level of stiffening.  FWNTs were believed to restrict the thermal relaxation of polymer 
within the composite fiber; such that the modulus improved and the strength of the 
composite fiber was not compromised to the same extent as that of the neat fiber upon 
heating.  As observed in Figure 2.2., the presence of CNTs can restrict thermal shrinkage.  
 
 





 The aging technique was used to increase the drawability of CNT composite 
fibers and to aid the nucleation of ordered PVA along CNTs.  The values of DR for 
99.75:0.25 PVA/SWNT fibers increased from 4 to 6 X, and the tensile strength of drawn 
fibers had increased from 0.6 to 1.1 GPa.  The values of DR for 99.76:0.24 PVA/FWNT 
fibers increased from 7 to 8 X, and the mechanical strength of drawn fibers increased 
from 0.9 to 1.3 GPa.  These PVA/CNT fibers that were drawn from gels aged in 
MeOH/water for ≥215 days exhibited higher tensile strength values than fibers drawn 
from gels that were aged for lesser time.  The aging process invoked the enthalpic 
relaxation of polymer chains at ~50 °C.  This process of molecular relaxation is believed 
to have increased the drawability of matrix polymer.  The strongest of the fibers drawn 
from aged gels exhibited the highest melting temperatures and some exhibited a second 
peak/shoulder of high temperature melting.  The shifting of Tm to higher temperatures of 
melting was attributed to the ordering of PVA along CNTs.   
 The unfilled PVA fiber that was drawn from gel aged in MeOH/water for 18 
months yielded fiber of 1.2 GPa.  Nevertheless, the optimum conditions for PVA fiber 
spinning utilized PVA-10000 polymer and the aging of gel in 10 °C MeOH for 1 day.    
The reported TS and TM values of that fiber were 1.2 GPa and 36 GPa, respectively.  
Therefore, the aging technique appears to be beneficial to the process of spinning 
PVA/CNT fibers.   
 CNTs were shown to behave as structural supports within as-spun and aged gel 
fiber.  The values of E'(f) from PVA/CNT gels were more reproducible than for unfilled 
gels, especially after aging.  The incorporation of ~0.25 wt.% CNTs in PVA improved 
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the uniformity of most gels; however, gels still exhibited the behavior of a loose network.  
This behavior has also provided evidence that CNTs have nucleated the ordering of PVA 
chains in the gel state.  As-spun and aged gels consisted of ordered regions of polymer 
chains that have the form of two-dimensional sheets, along the a- and b-axis.  As-spun 
gels have low values for 100 planar spacing (<0.78 nm).  This observation suggests that 
the PVA chains were hydrogen bonded to solvent molecules rather than each other.  
Hydrogen bonding between PVA chains and solvent within as-spun gel fibers had 
occurred along the a-axis, as represented by the Sakurada unit cell model.   
Tanigami et al. had reported the fabrication of high strength and high modulus 
tapes of PVA from gels aged in 10 °C water for 4 months.  After gel aging, films (of 20 
mm X 2 mm) were dried before drawing them at 200 °C.[32]  In comparison to their 
method, swollen gels of continuous filament were drawn in this study.  The surface of gel 
fiber was kept from sticking together since fibers were drawn from spools of swollen gel 
filaments.  The removal of solvent imbibed within amorphous and ordered chains of PVA 
is necessary to improve the ultimate strength and modulus of PVA/CNT fibers that have 
been drawn from aged gels.   
Through the application of additional heating, the TM of PVA/FWNT was 
increased from 24 to 33 GPa although the TS decreased from 1.33 to 1.06 GPa.  
Therefore, the process of high temperature annealing and fiber tensioning should be 
optimized for fiber stiffening.  The relaxation of crystalline polymer at higher 
temperatures, which would enable the drawing of ECC phase, must be balanced with the 
relaxation and melting of crystalline PVA.  Nevertheless, the mechanical properties of the 
final PVA/FWNT fiber were similar to the properties of the PVA/SWNT fibers that were 
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prepared by Zhang et al.[158]  In that study, PVA/SWNT fiber (from the same PVA-




CONCLUSIONS AND RECOMMENDATIONS 
 
5.1. Conclusions 
The section will highlight the conclusions from each chapter.   
5.1.1. Chapter 2 
 The mechanical and thermal properties of PVA and PVA/SWNT composite fibers 
were influenced by the following phases: crystalline polymer, amorphous polymer, and 
imbibed solvent.  After stage-4 fibers were drawn at 220 °C and then treated at 180 °C, 
the TS of PVA fibers increased from 0.81 to 1 GPa, and the TM increased from 26 to 31 
GPa.  Drawing induced crystal growth along the b-axis.  As the value of DR increased 
from 4.1 X to 7.5 X, crystal sizes determined from the (110) plane increased from 5 nm 
to 12 nm.   
 The physical properties of composite fibers were further influenced by the draw-
induced alignment of embedded SWNTs.  Drawn PVA/SWNT fibers were less 
susceptible to thermal shrinkage at temperatures below 200 °C than neat PVA fibers.  As 
a result of drawing, a SWNT interphase of polymer side groups and solvent molecules 
had exhibited preferential orientation.  In contrast, the consecutive drawing of neat PVA 
fibers did not induce any preferential orientation among hydroxyl groups and water 
molecules within those fibers.  Matrix moieties were engaged in charge transfer between 
themselves and SWNTs, as confirmed by molecular modeling.  10% of the PVA 
hydroxyl groups were aligned in response to SWNT alignment.  40% the water molecules 
had aligned in response to SWNT alignment.  The alignment of solvent and other 
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impurities along SWNTs poses a concern for improving the polymer interface between 
embedded SWNTs and bulk polymer.   
5.1.2. Chapter 3 
The bulk heterogeneity of PVA/CNT dispersions and PVA homopolymer 
solutions were similar.  Values of G'(ω)/G'(ω)≈1.5 were reported for PVA/CNT 
dispersions and PVA solutions alike.  Plots of η*(ω) have shown measurements from 
filled and unfilled samples to be reproducible, which would suggest the SWNTs were 
well dispersed in polymer.    
The sonication of polymer with CNTs has reduced the DP of that polymer.  
PVA/DMSO solutions of 0.5 g/dL were sonicated and tested using the Ubbelohde 
viscometer.  The capillary elution time decreased with sonication time.  PVA/SWNT and 
PVA/FWNT dispersions had calculated DPw values of 8,900 and 3,700, respectively.  
PVA solutions had DPw values of 10,000, 7,000 and 4,000.  The solution of PVA-7000 
was a blend of polymers having DPw values of 10,000 and 4,000.   
 DPw seemed to have the greatest effect on complex viscosity trends.  Plots of 
η*(ω) were fitted with the modified Carreau model.  At loadings of ~0.25 wt.% CNTs, 
the dispersion of CNTs in polymer had a lesser effect on the overall rheology of these 
samples.  Samples 4P10000, PS4P10000, and 4PBlend were all composed of 4 wt.% 
PVA, and samples 10P4000 and PF10P4000 were composed of 10 wt.% PVA.  The 
values of η0 and λ decreased with decreasing values of DPw.  The b increased as the DPw 
decreased.  The shear thinning behaviors for all of these samples were the same, where 
values of m=1 were reported. 
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 CNTs influenced the nucleation-and-growth of cryo-transformations, such as 
polymer gelation and solvent freezing.  The mechanisms and kinetics of cryo-
transformation were obtained from an isoconversional analysis of DSC data.  The value 
of Ea gradually increased with the conversion of homopolymer solutions; this behavior 
for Ea has been associated with the parallel mechanism of transformation.  Ea trends for 
CNT dispersions and for the polymer blend were different from those occurring within 
homopolymer; the value of Ea at the onset of conversion was suggestive of heterogeneous 
nucleation.  The polymer interphase along CNTs and the boundary between blended 
polymers were proposed as other sources of heterogeneous nucleation.   
 The incorporation of CNTs, the polymer’s DPw, and annealing temperature were 
shown to influence the change in conformational entropy for cryo-transformation.  The 
values of S(Tf)-S(Ti) were plotted against Tanneal.  Samples containing CNTs had shown 
lower values of S(Tf)-S(Ti) than homopolymer solutions, for each value of Tanneal.  When 
Tanneal=30 °C, homopolymer sample 10P4000 had the highest values of S(Tf)-S(Ti).  Low 
values of S(Tf)-S(Ti) were attributed to the chain mobility that was constrained by 
surfaces and/or molecular ordering.   
 Avrami nucleation-and-growth models fitted most of the experimentally 
determined models of cryo-transformation, except for 4PBlend annealed at 70 °C and 
PS4P10000 annealed at 30 °C.   
5.1.3. Chapter 4 
  
 The gel aging technique was shown to increase the drawability and mechanical 
properties of fibers drawn from PVA/CNT gels.  The DR increased from 4 to 6 X for 
PVA/SWNT fibers that were drawn from gels aged for up to 219 days in 10 °C 
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MeOH/water.  The TS of these fibers increased from 0.63 GPa to 1.1 GPa, and the TM 
increased from 13 to 22 GPa.  Drawn PVA/SWNT fibers, having a tensile strength of >1 
GPa, had circular cross sections; the values of CI ranged from 0.87 to 0.95.    
 DR had increased from 7.3 to 8.7 X for PVA/FWNT fibers that were drawn from 
gels aged in 10 °C MeOH for up to 219 days.  The TS increased from 0.70 to 1.0 GPa, 
and the TM increased from 13 to 22 GPa.  These PVA/FWNT fibers were fairly circular 
for MeOH aging up to 219 days; the CI values ranged from 0.88 to 0.94.  
 The DR increased from 5 to 8 X for PVA/FWNT fibers that were drawn from gels 
aged in 10 °C MeOH/water for 122-265 days.  The TS increased from 0.7 to ≥1.2 GPa.  
The highest reported value of TM was 28 GPa.  The CI values of drawn PVA/FWNT 
fiber were 0.83 and 0.92. 
 Gel aging was believed to have enhanced the relaxation of polymer chains within 
precursor PVA/CNT fibers during elevated temperature drawing.  MDSC thermograms, 
of fibers drawn from aged gels, shows transitions that are indicative of enthalpic 
relaxation.   
 As a result of drawing PVA/CNT fibers to higher DR, the melting temperature of 
crystalline PVA had increased.  PVA/CNT fibers, having TS values ≥1 GPa, manifested a 
high temperature shoulder along the more prominent melting peak or two melting peaks.  
The melting of crystalline PVA at the higher temperature was attributed to the molecular 
chain extension of ordered PVA along CNT templates.  The crystal sizes of the (110) 
planes, which were perpendicular to the molecular axis of PVA chains, were the largest 
for these fibers. 
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 The highest values of TM were achieved for unfilled PVA fibers (at 36 GPa).  
PVA fiber (having a DP of 10,000) was drawn from gel that was aged for 1 day in 10 °C 
MeOH.  Long term aging was not shown to improve the mechanical properties of neat 
fibers; instead the mechanical properties were shown to decrease.  Since PVA gels were 
comprised of loose networks (where the storage modulus was a function of frequency), 
the density of physical crosslinks or chain entanglements may not have been sufficient 
for drawing at high draw ratios.  Therefore, CNTs were believed to reinforce the network 
of composite gels, so that fibers could be drawn to higher draw ratios with aging time.   
 The E'(f) values for PVA/CNT gels were more reproducible than those obtained 
from unfilled gels of PVA.  The DMA testing of as-spun and aged gel fibers further 
confirmed the ability of CNTs to stabilize the loose gel network. 
 As-spun gels consisted of ordered PVA chains that appeared bound to the solvent.  
The WAXD analysis shows diffraction peaks from a-axis planes and planes 
perpendicular to the molecular axes of PVA chains.  In the absence of diffraction peaks 
indicative of c-axis planes, a sheet structure was determined.  The values of d-spacing 
suggested intermolecular bonding between PVA chains and the solvent, rather than 
bonding between PVA chains.  The (100) d-spacing should be equal to 0.778 nm 
according to the Bunn unit cell model of PVA, but instead the (100) d-spacing of ≤0.68 
nm was observed from as-spun PVA.  This reduction in d-spacing was presumed the 
effect of hydrogen bonding between PVA chains and an intercalated layer of water 
molecules. 
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 The Sakurada unit cell model was used to describe the ordering of PVA in as-
spun gel fibers.  The Bunn unit cell models seemed to describe the ordering of PVA 
within aged gel fibers and drawn fibers. 
The composition and weight fraction of solvent in the aged gels were influenced 
by the aging time and the bath composition.  DMSO readily diffused from the gel 
microstructure with solvent aging at 10 °C; however, water and DMSO/water complexes 
were found to infuse the gel at longer aging times.  Solvent, namely water, was found to 
exist in the following phases: solvated amorphous polymer, bound to ordered chains of 
PVA, and as pure solvent. 
5.2. Recommendations 
The aging of gel fiber in solvent was used to increase the fiber draw ratio of 
composite fibers and to promote the structural reinforcement of PVA by CNTs.  This 
study has provided indirect evidence of structural reinforcement; such as higher Tm, 
CNTs coated with polymer, and CNT nucleation of gel crystals.  Evidence of molecular 
adhesion between CNTs and polymer could also be provided by the TEM analysis of 
drawn fibers and of PVA/CNT dispersions.  TEM analysis would also give an idea of 
CNT exfoliation within the drawn fibers.  Furthermore, the loading of well-dispersed 
CNTs at higher weight fractions may improve the mechanical properties of composite 
fibers produced by the gel aging technique. 
Although gel fiber aging in MeOH/water was shown to enhance the tensile 
properties of drawn PVA/CNT fibers, residual water was believed to have prohibited the 
achievement of higher properties.  Solvent was shown to reside within the crystalline and 
amorphous phases of PVA polymer.  In an attempt to reduce the content of residual water 
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in PVA-based fibers, the use of PVA/CNT/DMSO dispersions is recommended for the 
aging study.  Further, aging baths having a lower volume fraction of water may help to 
reduce the fraction of water bound to PVA. 
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APPENDIX A 




Figure A.1.  Rescaled Eα plots for select samples to demonstrate nonlinear increases in Eα 
with conversion: a) 4P10000 annealed at 55°C, b) 10P40000 annealed at 55°C, and c) 
PF10P4000 annealed at 70°C. 
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APPENDIX B 
FWNT SOLVENT DISPERSIONS 
 
B.1. Experimental Procedure 
FWNTs (X0122UA) were dispersed in organic solvents to see the effects of 
FWNTs on the freezing and melting behavior of solvent.  The preparation of FWNTs in 
DMAc, DMSO, and the 80/20 (v/v) of DMSO/deionized water is summarized in Table 
B1.  The total sonication time for each sample containing FWNTs was 24 hrs.  
 
Table B.1. Preparation of FWNT/Solvent Dispersions. 
Sample 
Concentration of 
CNTs in Solvent 
Procedure 
D1 10 mg/L 
1. Add 0.1 mg of CNT to 10 ml of solvent.   
2. Then sonicate for 5 hours before making D2. 
3. Sonicate 9 ml of solution for 20 hours before 
testing to compare with other dispersions.  
D2 1 mg/L 
1. Add 9 ml of solvent to 1 ml of D1.  
2. Then sonicate for 5 hours before making D3. 
3. Sonicate 9 ml of solution for 16 hours before 
testing to compare with other dispersions.  
D3 0.1 mg/L 
1. Add 9 ml of solvent to 1 ml of D2.   
2. Then sonicate for 5 hours before making D4. 
3. Sonicate 9 ml of solutions for 8 hours before 
testing to compare with other dispersions.  
D4 0.01 mg/L 
1. Add 9 ml of solvent to 1 ml of D1.   
2. Then sonicate for 5 hours before removing 1 ml. 
3. Sonicate 9 ml of solutions for 4 hours before 






B.2. Results and Discussion 
The images of FWNTs dispersed in DMAc, DMSO and an 80:20 DMSO/water 
are shown in Figure B.1.  Homogeneous dispersions of FWNTs in DMAc (at 10 mg/L) 
were obtained immediately after sonication.  Swollen aggregates of FWNTs were 
observed in DMSO; however, dense aggregates of FWNTs formed within DMSO/water. 
Ham et al. likewise observed the swollen state of CNTs immersed in DMSO; the 
sedimentation of SWNTs was observed in water.[73] 
The melting temperatures of DMAc and DMSO are -19 and 18 °C, respectively 
(CRC Handbook).  Experimentally obtained melting temperatures agreed with these 
reported values; supercooled liquid froze below their melting temperatures (Table B.2).  
The freezing temperature of 80:20 DMSO/water was -55 ± 1 °C for cooling rates of 10 
C°/min.  Therefore, FWNTs did not influence the temperatures of solvent melting and 
freezing; the surface tensions of the solvent remain unchanged as well (Table B.2). 
 
Figure B.1.  FWNTs sonicated in organic solvent for a total of 24 hrs. 
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0 36.0 ± 0.3 -60 ± 1 142 ± 31 -22 ± 1 95 ± 7 38 ± 3 
0.01 36.0 ± 0.1 -51 ± 7 113 ± 4 -24 ± 1 97 ± 6 27 ± 8 
0.1 36.1 ± 0.2 -58 ± 4 93 ± 33 -23 ± 4 94 ± 4 35 ± 8 
1 35.7 ± 0.1 -64 ± 6 67 ± 5 -28 ± 4 56 ± 11 36 ± 1 






0 44.3 ± 0.4 8 ± 2 - 18 ± 4 - 10 ± 1 
0.1 42.2 ± 0.8 11 ± 1 174 ± 14 16 ±  1 155 ± 8 6 ± 1 
1 44.1 ± 0.3 9 ± 0 154 ± 4 15 ± 1 142 ± 4 6 ± 1 












r 0 49.1 ± 0.2 -55 ± 1 43 ± 1 -29 ± 1 38 ± 3 26 ± 0 
0.01 49.4 ± 0.1 -58 ± 4 45 ± 2 -30 ± 1 36 ± 2 29 ± 5 
0.1 49.2 ± 0.1 -55 ± 3 43 ± 1 -29 ± 1 38 ± 1 26 ± 3 
1 49.2 ± 0.1 -54 ± 1 38 ± 1 -30 ± 1 36 ± 1 24 ± 1 
10 49.1 ± 0.2 -48 ± 2 37 ± 1 -30 ±  1 35 ± 3 18 ± 2 
 
a) Tf = temperature of solvent freezing, b) ∆Hf = enthalpy of freezing, c) Tm = solvent 
melting upon heating, d) ∆Hm = enthalpy of melting, and e) ∆T = difference between 
peak temperatures of solvent freezing and solvent melting. Samples were prepared in 
hermetically sealed T-zero pans and run at 5 °C/min. 
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